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An accurate most-probable-number enumeration method was developed 
for counting the number of Beggiatoa trichomes from various freshwater 
sediments. The medium consisted of extracted hay, diluted soil ex­
tract, 0.05% sodium acetate, and 15-35 units per ml of catalase. The 
same enrichment medium, but without the acetate, was the best enrich­
ment medium from which to obtain pure cultures. A total of thirty-two 
strains of Beggiatoa were isolated from seven different freshwater 
habitats and were separated into five groups based on several prelimin­
ary characteristics. Four of the groups contained cells with trichomes 
of approximately the same diameter (1.5-2.7 yum) and may be J3. leptomiti- 
formis or an unnamed species. The fifth group appeared to be IJ. alba. 
With the exception of three strains, all of the strains deposited sul­
fur in the presence of hydrogen sulfide. All of the strains grew 
heterotrophically and deposited poly^^-hydroxybutyrate and volutin when 
grown on acetate supplemented with low concentrations of other organic 
nutrients. Thin sections of sulfur bearing trichomes indicated that 
the sulfur granules were external to the cytoplasmic membrane and were 
surrounded by an additional membrane.
xiii
PART II
The assimilation and metabolism of CO^ by Beggiatoa alba strain
B18LD was investigated. Although B. alba was shown to require CC> 2
for growth, the addition of excess CO2  (as NaHCO^) to the medium in
a closed system did not stimulate growth. The K values for the CC)m 2
assimilation by heterotrophically-grown and mixotrophically-grown 
cells were 297 yuM and 666 yuM, respectively. The high values for
CO2  assimilation, coupled with acetate oxidation data suggested that 
the required CC^ was endogenously produced from acetate. The first 
stable fixation products from CC> 2 assimilation were aspartate and 
glutamate. Carbon dioxide was incorporated into cell wall material, 
proteins, nucleic acids, and amino acids and organic acids, but not 
into poly-^-hydroxybutyrate. Fluoroacetate and glyoxylate inhibited 
C09 assimilation. The CC> 2 fixation enzymes isocitrate dehydrogenase 
(NADP; reversed) and malate dehydrogenase (NADP; deicarboxylating) were 
found in cell-free extracts of both mixotrophically-grown and hetero­
trophically-grown cells. The results suggested that an incomplete 
reductive tricarboxylic acid cycle might be present in B. alba for the 
metabolism of C09.
PART III
The assimilation and oxidation of "^C-l- and ^C-2- acetate by 
several strains of Beggiatoa were investigated. Approximately 16-28% 
of the ^C-2-acetate and 28-46% of the carboxyl labeled acetate were
xiv
oxidized to "^CC^. The apparent Km for the combined assimilation and 
oxidation of -^C-2-acetate by Beggiatoa alba B18LD was 1.0-1.4 yuM un­
der differing growth conditions. Sixty-one to 73% of the ^C-l- or 
^C-2- acetate assimilated by washed trichomes was incorporated into 
lipid, whereas 55% of the assimilated ^C-l-acetate was incorporated 
into poly^^-hydroxybutyrate (PHB). That corresponded with chemical
data showing that 56% of the cell dry weight was PHB. Fluoroacetate 
14inhibited C-l-acetate assimilation at concentrations of 100-1000 ̂ liM
but inhibited ^C-l-acetate oxidation to CO  ̂only at 1000 ̂ uM. After
14a 5 sec incubation of ]i. alba with C-l-acetate, the major products 
were succinate (39.7%), glutamate (11.1%), and fumarate (8.9%); after 
25 sec, succinate (42.3%), glutamate (15.7%), and hydroxybutyrate 
(11.5%) were the major intermediates observed. The results indicated 
that a functional glyoxylate bypass might be present, but that citrate 
formation via the condensing enzyme was not present.
xv
PART I The Enumeration, Isolation, and Characterization of 
Beggiatoa from freshwater sediments.
1
INTRODUCTION
Beggiatoa is a filamentous gliding bacterium capable of oxid­
izing sulfide to elemental sulfur which it deposits in its cells 
(34, 40, 69). When the sulfide is depleted, the bacterium further 
oxidizes the deposited sulfur to sulfate which is then released to 
the environment (55). The ecology, taxonomy, physiology, and many
other aspects of Beggiatoa biology are poorly understood.
Interest in the organism has been sporadic, perhaps because 
of the difficulty of isolating and maintaining cultures in the lab­
oratory. Recently, interest in Beggiatoa has been revived because 
of the fine work of Pitts £t al (52) and of Joshi and Hollis (30) 
who suggested that Beggiatoa and rice plants occur together in a 
mutualistic association in which the bacterium oxidizes in the
root zone, thus protecting the plant from the toxic effects of
and the plant roots excrete catalase which decomposes the toxic 
peroxides produced by the bacterium during its metabolism.
We have seen Beggiatoa in close association with the root zone 
of the marsh grass Spartina altemiflora (unpublished results), and 
J. Charba has seen it in close association with the roots of water 
hyacinths (personal communication). It is possible that Beggiatoa 
plays an important role in plant health in the entire flooded soil/ 
plant ecosystem.
Several techniques for the production of enrichment cultures 
of Beggiatoa from nature have appeared, the most recent by Joshi and 
Hollis (29). All are based on the techniques originally described 
by Cataldi (14) in which extracted hay is a prime ingredient. Because 
of the probable ecological significance of Beggiatoa in the flooded 
soil habitat, it would be valuable to know which enrichment tech­
niques work best, and if any of them can be adapted for the enumera­
tion of Beggiatoa in its habitat.
In this paper, we present out attempts to develop methods for the 
enrichment, enumeration, and isolation of Beggiatoa from nature, as 
well as the preliminary results of our attempts to characterize thirty 
two isolated strains in some of their morphological and physiological 
features.
MATERIALS AND METHODS
Media. All media for the enrichment of Beggiatoa were based 
on the method of Cataldi (14) and on the various modifications of 
her technique as used by others. An ingredient common to all of the 
enrichment media was hay, or grass, which was extracted (EH) at least 
five times for 30 min each in boiling water, with two rinses in cold 
tap water between each extraction. When needed, a soil extract (SE) 
was prepared by mixing approximately 500 g of black, sulfide-contain­
ing mud with 1 1 of tap water, allowing the coarse particles to settle 
out, and then filtering the supernatant fluid through Whatman No. 2 
filter paper contained in a buchner funnel. For diluted soil extract 
(DSE), the SE was diluted 1:2 with tap water.
Pringsheim's (34) basal salt solution as modified by W. Koch 
(BSS, personal communication) consisted of 5 ml/1 of a trace element 
solution (34), 20 ml/1 of a saturated CaSO^ solution, and in g/1: 
NH4C1, 0.00045; K2HP04, 0.0001; MgS04*7H20, 0.0001.
BP medium consisted of the following ingredients: BSS; 0.05%
sodium acetate; 0.05% Nutrient broth (Difco Laboratories, Detroit, 
Michigan); and 1.0% agar. Filter sterilized catalase to give a 
final concentration of 15-35 units/ml (9) was added prior to pouring 
the plates.
MP medium consisted of the following ingredients: BSS; 0.0001%
sodium acetate; 0.03% Na2S; and 1.0% agar. The Na2S was autoclaved
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separately and added to the medium prior to pouring the plates.
Microcyclus-Spirosoma agar (MS) has been described previously 
(39). Nutrient agar was obtained from Difco laboratories, Detroit, 
Mich.
Evaluation of MPN technique. To determine which medium would 
yield the best results for a most probable number determination (MPN) 
of Beggiatoa in sediments, a sediment sample was inoculated in dupli­
cate into a 5 tube x 3 dilution series of tubes containg media 
which had been used successfully for simple enrichment by others (14, 
20, 29, 68), and with media with various modifications which seemed 
appropriate to us. The three media which gave the highest counts, 
plus one new medium suggested by the results, were reexamined in quad­
ruplicate for their abilities to provide suitable MPN results with 
additional sediment samples. Each 25 x 250 mm tube in the MPN series 
received approximately 0.5 g of EH, 50 ml of the liquid medium to be 
tested, plus a sediment inoculum known to contain Beggiatoa. The 
tubes were incubated for two wk at room temperature (RT, approximately 
22 C) and were then examined macroscopically for the presence of 
Beggiatoa by looking for the "fluff ball" tufts of colonies which are 
characteristic of Beggiatoa (20), or for mat formation supported by 
Beggiatoa filaments. Confirmation of Beggiatoa presence, and an esti­
mate of the degree of contamination by other bacteria in presumptively 
positive tubes, was made by phase microscopy. The MPN obtained with
each medium was determined from a standard table (38).
To determine if the MPN procedures which resulted in the 
highest counts would be accurate for the enumeration of Beggiatoa 
from sediments, a pure culture of Beggiatoa was grown and divided 
into 4 aliquots. One aliquot was used for a direct microscopic 
count in a hemocytometer to determine the number of trichomes present. 
The viable population in one aliquot was determined with a plate 
count on BP medium, another aliquot was divided and the beggiatoas 
were enumerated by the MPN technique with the media chosen on the 
basis of the experiments described above, and the fourth aliquot was 
inoculated into a black sulfide-emitting sediment which was then 
stirred, divided, and assayed with the various MPN media to determine 
which one(s) gave the highest counts, and what percentage of the init­
ial inoculum was recovered with each technique. These procedures 
were carried out in triplicate using Beggiatoa isolate B14LD.
Enrichments for the isolation of Beggiatoa. The same media as 
described above were placed into 160 ml sterile perscription bottles 
and were inoculated with 1-2 g of sulfide containing sediments as des­
cribed by Joshi and Hollis (29) except that the bottles were auto- 
claved before use to hold down fungal contamination. Cycloheximide 
was added to a final concentration of 40 mg/ml to some cultures to 
reduce fungal and protozoan contamination. After about 1 wk of incu­
bation at RT the enrichments were examined by phase microscopy foT the
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presence of Beggiatoa and for the degree of contamination by other 
microbes.
For enrichment of Beggiatoa strains from a Spartina altemiflora 
containing salt marsh, a medium consisting of EH, DSE prepared from 
mud obtained at the collection site, and filter sterilized catalase 
was used. The salinity was adjusted to 0, 20, 30, 35, 40, 45, 50, 55, 
60, or 65% of synthetic sea water (Seven Seas Marine Mix, Utility 
Chemical Co., Patterson, N. J.) because the salinity of that site, 
near Leesville, La., was about one-half that of sea water (W. Patrick, 
personal communication).
Isolation of Beggiatoa. Beggiatoa was isolated from enrichments 
using a modification of Pringsheim’s technique (54) for the isolation 
of filamentous gliding organisms. Tufts of filaments from enrichment 
cultures were transferred with sharp pointed forceps through four 
washes in sterile BSS made with tap water. A final wash consisted of 
a 5 min soak in the same solution, but which also contained 100 units/ 
ml of catalase. The washed tufts of filaments were dried by absorption 
of the excess water onto an agar plate. Some of the partially dried 
filaments were then placed onto a freshly poured plate of either BP 
or MP medium.
After 2-4 days of incubation at 28-35 C, the cultures were ob­
served with a dissecting microscope and isolated filaments were picked 
up by cutting out a block of agar beneath a trichome and transferring 
it to a fresh plate of the same medium. Occasionally, isolation
attempts could be made as early as 8-10 h after inoculation, but 
usually the filaments had not glided far enough away from the contam­
inants by that time, and attempts at 4 days proved best.
To determine the optimum concentration of agar in the isolation 
medium, concentrations of 0.8, 1.0, 1.2, 1.4, 1.6, 2.0, 2.5, 3.0,
3.5, 4.0, and 4.5% were included. A range of temperatures, including 
17, 23, 28, 35, and 45 C was tested. Concentrations of 0.001, 0.01, 
0.05, 0.1, 0.5, and 1.0% sodium acetate and/or nutrient broth were 
added to determine the optimal concentration of each nutrient. The 
plates were inoculated with washed filaments from enrichment cultures 
and they were examined after 2-4 days with a dissecting microscope to 
determine the level of contamination around the filaments, and for 
the ability of the filaments to glide away from the contaminants.
This was repeated with several pure cultures after they were isolated.
The use of inhibitors. The sensitivity of Beggiatoa strains to 
various antibiotics was assayed to determine if they would be useful 
as aids in the isolation of Beggiatoa. Antibiotic discs were placed 
on a basal layer of BP medium in a petri dish and then a BP overlay 
was added to just cover the discs. The plates were incubated for 
6-8 h to allow the antibiotics to diffuse, and then a washed tuft of 
filaments was placed on the agar above each disc. The plates were 
examined periodically with a dissecting microscope to determine the 
viability of the filaments, the degree of contamination, and the 
ability of the filaments to glide away from the contaminants.
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Sodium azide was added to the medium at concentrations ranging 
from 0.001% to 0.5% to determine if it would be an aid in facilitating 
isolation of Beggiatoa by reducing the level of contamination.
Physiological characterization of isolated strains. Beggiatoa 
cultures were stab-inoculated into three kinds of semi-solid (0.2% 
agar) media: MP medium, BP medium, and BP medium with a sterile vasel­
ine overlay to provide anaerobic conditions. After 2, 4, 6, 8, and 
12 days of incubation at 28 C, the growth and position of growth were 
recorded.
Gelatin and casein hydrolysis were assayed according to Pringsheim1s 
methods (54). Catalase production was detected by adding 3% hydrogen 
peroxide onto actively metabolizing cultures of Beggiatoa and observing 
for bubble formation. Cytochrome oxidase was assayed by flooding plates 
of 48 h Beggiatoa cultures with a 1% aqueous solution of N, N, N’, N ’- 
tetramethyl-p-phenylenediamine dihydrochloride (Eastman Kodak Co. , 
Rocheter, N. Y.) and observing for the rapid formation of a purple color. 
The effect of cyanide and sodium dodecyl sulfate (SDS) on Beggiatoa was 
determined on plates of BP medium (without catalase) which contained 
0.01 or 0.05% filter sterilized KCN or SDS respectively.
The deposition of sulfur in trichomes grown in the presence of 
H2 S was demonstrated by a modification of the methods of Skerman jet 
al (72) and of Skerman (71). One drop of cell suspension and one 
drop of reagent grade pyridine (Mallinckrodt Chemical Works, St. Louis, 
Mo.) were mixed on a slide and the suspension was sealed using a 
coverslip and vaseline. Positive results were recorded if the granules
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disappeared from the cells and if rhombic or monoclinic crystals 
formed external to the cells as viewed by phase microscopy. Controls 
using trichomes grown on BP medium and therefore without sulfur 
granules were used.
Poly-hydroxybutyric acid (PHB) and volutin were stained for 
light microscopy using Sudan Black B and methylene blue respectively. 
Electron microscopy was used to verify the inclusions in a represen­
tative strain, B15LD.
Electron microscopy. A modified Ryter-Kellenberger (65) tech­
nique was used for the thin sections. Plates containing 96 h trich­
omes grown on BP medium were flooded with 0.05% OsO, in 0.1 M veronal4
acetate buffer at pH 6.0 for 20 min. The trichomes were then scraped 
off the agar surface and transferred to 0.1 M veronal acetate buffered 
1% OsO^ for 16 h at room temperature. The trichomes were then rinsed 
in veronal acetate buffer, post-fixed with 0.1 M veronal acetate buf­
fered 0.5% uranyl acetate for 2 h, dehydrated with 25, 50, 75, 90, 
and two changes of 100% ethanol, and followed with two washes in 100% 
propylene oxide. The fixed and dehydrated trichomes were embedded in 
Epon 812 plastic (42) and then sectioned on an LKB "ultrotome" (LKB 
Inc., Stockholm, Sweden) using a diamond knife. The thin sections 
were picked up on 300 mesh copper grids and stained with uranyl acetate 
(84) and then lead citrate (60). All thin section micrographs were 
obtained using an RCA EMU-2 electron microscope at 50 kV. Cells con­
taining sulfur granules were exposed to MP medium for 4 h prior to
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fixation.
Both "puff balls" and surface colonies of Beggiatoa were viewed 
by scanning electron microscopy (SEM). The puff balls were prepared 
from an axenic liquid culture of strain B15LD grown in a static liquid 
BP medium. They were fixed for 2 h in 1 M veronal acetate buffered 
3% glutaraldehyde. The samples were then dehydrated with 25, 50, 75, 
90, and two changes of 100% ethanol and then they were critical 
point dried using 100% acetone as the transition solvent. The surface 
colonies of Beggiatoa were prepared by fixing strain B12LD, grown on 
MP medium, with 4% osmium vapors for 24 h at RT. Small blocks of agar 
containing the trichomes were cut out of the plates, they were care­
fully rinsed with distilled water, and then they were dehydrated with 
acidified 2,2-dimethoxypropane (DMP, 44). They were then critical 
point dried using 100% acetone as the transition solvent. The SEM 
samples were coated with 150-200 & of gold-palladium using a Hummer I 
Sputter Coater (Technics, Inc., Alexandria, Va.) and were viewed on a 
Hitachi S-500 scanning electron microscope.
Chemicals. Cycloheximide and fungal catalase were obtained from 
the Sigma Chemical Co., St. Louis, Mo. The latter was always filter 
sterilized and then added to the sterile media in an amount suffic­
ient to give 15-35 units/ml.
Additional procedures. Measurements of filament size were ob­
tained with a Filar micrometer. A Gillet and Sibert microscope 
equipped with a Nikon AFM camera attachment was used for phase and 
bright field observations and photomicrography.
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RESULTS
Enumeration of Beggiatoa. Using the presence of "puff balls" 
(Fig. 1) or mats followed by microscopic confirmation (Fig. 2), a 
preliminary screening of the various enrichment media identified 
four media as candidates for use in MPN techniques (Table 1). Ini­
tial maximum trichome recovery was obtained with a medium consisting 
of EH, DSE, and 0.1% acetate. However, this medium was overgrown 
by contaminating bacteria and was not suitable as an enrichment medium 
from which to attempt the isolation of Beggiatoa. The addition of 
catalase enhanced Beggiatoa growth in some media (cf. stream water vs 
stream water plus catalase, or DSE vs DSE plus catalase) without 
appearing to stimulate the growth of contaminating bacteria. Three 
of the above media were re-examined, and the fourth medium consisting 
of EH, DSE, 0.1% acetate, plus catalase was used. Using the highest 
MPN as the sole criterion, a medium of EH, DSE, 0.05% acetate, plus 
catalase was the best (Table 2).
The three media which appeared to be the best were then examined 
for their ability to recover a known number of trichomes from sedi­
ments inoculated with a pure culture (Table 3). A plate count of a
4pure culture of the inoculum yielded 3.4 x 10 trichomes/ml. The 
same culture yielded 1.6-3.7 x 10^ trichomes/ml when counted with the 
three MPN media. After inoculation of the culture into a non-sterila
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sediment and correcting for the dilution and for the background 
Beggiatoa population, recoveries ranged from 1.5-3.2 x 10^ trichomes/ 
ml. In each case the medium with no acetate gave the poorest results 
with 44-47% recovery, and the medium composed of EH, DSE, 0.05% acet­
ate, plus catalase (SACH medium) gave the highest recovery rates, 
with 94-109% of the viable count being recovered. Increasing the 
acetate concentration to 0.1% resulted in a decrease in the recovery 
rate.
The SACH medium was used to enumerate the beggiatoas from a 
variety of flooded sediments in the Baton Rouge area. Typical re­
sults (Table 4) ranged from 11-95 trichomes/g of wet sediment.
Attempts were made to adapt the SACH medium to the enumeration 
of Beggiatoa from the flooded sediments associated with the marsh grass 
Spartina altemiflora in salt marshes. SACH medium was used with 
salinities ranging from 0-65% that of sea water. The salinities that 
supported the best growth of those beggiatoas was 40-45% of that of 
sea water. Salinity of greater than 60% or less than 30% of that of 
sea water resulted in a reduction or complete inhibition of growth. 
Trichomes ranging from 3-35 ̂ im in width were observed in the MFN tubes 
from the marsh sediments (Fig. 3). Attempts to enumerate these or­
ganisms by the MPN technique developed for the freshwater strains were 
not reproducible due to the growth of a white floc-forming bacterium 
which mimicked Beggiatoa and interfered with its growth. The addition 
of Na^S, vitamin B ^  (54), or various concentrations of acetate did 
not help significantly.
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The isolation of Beggiatoa. The medium containing the lowest 
level of contaminating bacteria with a reasonably high recovery of 
Beggiatoa consisted of EH, DSE, and catalase (EDC medium). Enrich­
ments using non-extracted hay or undiluted SE resulted in high con­
tamination levels and low counts of Beggiatoa (data not shown).
It was possible to isolate Beggiatoa from any enrichment from 
a fresh water sediment, although it was easiest from EDC medium.
The utility of antibacterial agents as selective agents was assessed. 
Used singly, nitrofurantoin, sulfathiazole, penicillin G, and triple 
sulfa appeared to inhibit many contaminants while leaving Beggiatoa 
unharmed (Table 5). Ampicillin, gentamycin, and polymyxin B either 
killed the beggiatoas or prevented their gliding away from the contam­
inants. Tetracycline, kanamycin, and streptomycin did not appear to 
provide selective effects. The combination of penicillin G plus 
nitrofurantoin and triple sulfa appeared to be the most effective. 
Subsequent attempts to isolate Beggiatoa from enrichments were made 
on MP, BP, and BP plus antibiotic media.
Thirty two strains of Beggiatoa were isolated from seven different 
locations. No duplicate strains from a single enrichment were kept if 
they appeared to be identical on initial isolation. The best agar con­
centration for their isolation was 1.0-1.2% and the best nutrient con­
centrations were 0.0001% acetate (if 0.03% Na2 S was supplied) or 0.05%
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acetate (if 0.01-0.05% nutrient broth was added). The best tempera­
ture for isolation was about 33 C, but the cultures did not survive 
past 3-4 days at that temperature and the temperature was decreased 
to about 25 C at that time. The use of sodium azide in the medium 
at concentrations ranging from 0.0001-0.05% did not facilitate isola­
tion. At concentrations of 0.0001-0.025% azide the contaminants were 
not sufficiently inhibited. Beggiatoa was not affected by these low 
concentrations, but increased concentrations first inhibited gliding 
and then inhibited the growth of the trichomes.
Although our data with antibiotics indicated that their incorpor­
ation into the media should be of help, it was found that isolating 
the beggiatoas was relatively easy on the other media and that the 
antibiotics offered no significant advantage.
Characteristics of the Beggiatoa isolates. Thirty two isolates 
were obtained, ana the morphological and physiological characteristics 
that were shared by all of our strains are shown in Table 6. All 
strains were motile by gliding, able to grow on both MP and BP media, 
stored volutin and PHB as noted previously by Pringsheim and Wiessner 
(57) when grown heterotrophically (Fig. 4 a,b), grew in media made 
with fresh water but not with salt water. They were all oxidase and 
catalase negative, and were stimulated by the presence of catalase 
in the medium. They failed to grow in the presence of 0.05% KCN or 
0.05% SDS. All strains except those designated as group B (Table 7) 
deposited sulfur when grown in the presence of Na2 S.
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The 32 strains tested were placed into 5 groups based upon 
physiological and morphological characteristics (Table 7). Many 
isolates formed spiral patterns when grown on an agar surface 
(Fig. 6), but only group A trichomes glided over themselves to 
produce three dimensional "super-coiled balls" which were etched 
into the agar and rotated in place (Fig. 5). The group A strains 
were relatively fastidious and grew well with nutrient concentrations 
of less than 0.05% but poorly with nutrient concentrations above 
0.05%. Group B strains were similar to group A strains in both size 
and some physiological characteristics, but they neither deposited 
sulfur in the presence of H2 S nor normally formed the supercoiled 
balls. Groups C and D were similar to each other but were differen­
tiated on the basis of temperature relationships, trichome diameter, 
and the ability to grow on nutrient agar. Group E strains had wider 
and shorter trichomes than the other strains and they grew dispersed 
in liquid culture under appropriate conditions. They were sensitive 
to penicillin but insensitive to 0.01% SDS, KCN, and NaN^. The group 
E strains grew well on nutrient agar and grew well at 0 C.
Seventeen out of 20 strains tested were viable after 6 wks at 
28 C in a semi-solid medium which contained 0.03% Na2 S as a hydrogen 
sulfide source and 0.0001% acetate. All of the strains tested grew 
on MP medium plates. All retained viability for at least one month at
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room temperature. Although some autolysis occurred (especially with 
group E strains), the autolysis was less and was slower to occur
than when the strains were grown on BP medium.
When grown on a medium composed of BSS with acetate concentrations 
of 0.00001 to 0.05%, all of the strains except one from group C and 
one from group D grew poorly. The same media, but with 0.03% Na2 S, 
supported good growth of all of the strains, including those that did 
not deposit sulfur (group B). In liquid BP medium, group E strains 
grew best when the medium was shaken at 200-300 rpm. In semi-solid 
(0.2% agar) stab tubes of BP medium, growth began at approximately 
4-5 mm below the surface, and in four of the five groups the growth took 
the form of a dense ring at that level. The fifth group (A) grew 
dispersed at a depth of 5-40 mm from the surface. With Na2 S (semi­
solid MP medium) the growth of the four ring-forminf groups occurred 
farther from the surface, to depths of 20-45 mm. However, none of them
grew under the strictly anaerobic conditions at the bottom of the tubes
or under a vaseline seal.
Cytology. The typical appearance of a cell growing on MP medium 
is shown in Fig. 6a. Sulfur granules appear as densely outlined gran­
ules when viewed by phase microscopy (Fig. 6a), or as refractile bodies 
when viewed by darkfield microscopy (Fig. 6b). The granules were demon­
strated to be sulfur by pyridine extraction (Fig. 7 a, b). In thin sec­
tions, the sulfur granules were seen external to the cytoplasmic membrane 
in invaginated pockets of the membrane, and they were enclosed within a 
membrane consisting of three dark and two electron translucent layers
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(Fig. 8a, b). The sulfur granules consisted of a washed out space, 
as noted by Shively (69), and they usually contained some electron- 
dense stringy material which may be proteinaceous. The cell wall 
appeared to be rather tight fitting around the cytoplasmic cylinder 
except in the area of a sulfur granule (compare Fig. 8 a, b with 
Fig. 9). At the point where the cell wall is pulled away it can be 
seen that the wall is typical of gram-negative bacteria, but with an 
additional layer (Fig. 10). When grown on BP medium, large lipid 
storage vacuoles (PHB) were observed in most cells (Fig. 9) and in 
some cells the PHB occupied much of the cytoplasmic space.
Whether the cells were grown in broth (Fig. 11) or on an agar 
surface (Fig. 12 a, b) the cells were connected by strands of extra­
cellular slime. Moreover, on the agar surface, the cells left trails 
where the trichomes had glided (Fig. 12 b). Cross walls are not seen 
in these SEM micrographs (Fig. 11, 12 a, b), indicating that the outer 
surface of the Beggiatoa trichomes was continuous and did not invag- 
inate at the septa between individual cells of a trichome.
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Table 1. Preliminary comparison of various enrichment media for 
the enumeration of Beggiatoa.
Medium3 (reference)
Trichomes per g (wet 
wt) of sediment
Tap water (14, 68) 6.4
Tap water + catalase 3.2
Stream water (20) 3.5
Stream water + catalase 13.2
Distilled water, BSS, catalase 35.5
Soil extract + catalase (29) 13.0
DSE 9.5
DSE + catalase 25.0
DSE + 0.1% acetate 73.0
DSE + 0.05% acetate, catalase 45.0
3 All media contained EH and about 50 ml of the appropriate liquid
medium. BSS, Basal salt solution.
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Table 2. Comparison of the four best media for the enrichment and 
enumeration of Beggiatoa.
Medium3 Trichomes^ per g (wet 
wt) of sediment
DSE + catalase 125
DSE, 0.1% acetate, catalase 120
DSE, 0.05% acetate, catalase 212
DSE + 0.1% acetate 78
o All media contained EH and about 50 ml of the appropriate medium. 
Average of four replicates each.
Table 3. An evaluation of three media 
recover Beggiatoa inoculated
for their abilities 
into a sediment.
to
Counting procedure Trichomes 
per g (xlO4)
% Recovery
Viable plate count of pure culture 3.4 100
MPN of pure culture
No acetate 1.6 47
0.05% acetate 3.7 109
0.1% acetate 2.5 74
MPN of sediment after inoculation^
No acetate 1.5 44
0.05% acetate 3.2 94
0.1% acetate 1.8 53
a All MPN media contained EH, DSE, 15 to 35 U of catalase per ml,
and the amount of acetate indicated, 
k The results shown are after adjustment for dilution of the cul­
ture and for the background Beggiatoa population in the sediment.
Table 4. The population of Beggiatoa trichomes in various flooded 
sediments from the Baton Rouge area.
Sample site Trichomes per g (wet
wt) of sediment
Elbow Bayou 13
Nicholson Road ditch 11




Table 5. The relative efficiency of various antibacterial 
chemicals to aid in the isolation of Beggiatoa.
Antibacterial agent (concn) Relative effect3
Ampicillin (10 jag) -
Gentamycin (10 jag) -
Tetracycline (30 mg) 4
Nitrofurantoin (300 jag) 4 4 +
Kanamycin (30 jag) +
Streptomycin (10 jag) 4
Sulfathiazole (1 mg) 4 + 4
Penicillin G (10 U) 4 4
Polymyxin B (300 U) -
Triple sulfa (1 mg) 4 4 +
Penicillin G (10 U) 4 streptomycin (10 jag) 4 4 4
Neomycin (30 jag) + streptomycin (10 jag) 4
Penicillin G (10 U) + sulfathiazole (1 mg) 4 4
Penicillin G (10 U) + nitrofurantoin (300 jig) 4 4 4
Streptomycin (10 jag) + nitrofurantoin (300 jxg) 4 4 4
Penicillin G (10 U) + tetracycline (30 ̂ ug) 4
Neomycin (30 jag) + sulfathiazole (1 mg) 4
Triple sulfa (1 mg) + polymyxin B (300 U) -
Table 5 cont’d.
Antibacterial agent (concn) Relative effect3
Penicillin G (10 U) + neomycin (30 yug) +
nitrofurantoin (300 yug) +++
Penicillin G (10 U) + sulfathiazole (1 mg) +
tetracycline (30 yag) -H-+
Penicillin G (10 13) + nitrofurantoin (300 yug) +
triple sulfa (1 mg) -H-H-
3 Results are graded from + to I I I I on the effectiveness of the 
agents to prevent growth of contaminants while allowing Beggiatoa 
to glide away from them. A negative sign indicates that Beggiatoa 
was killed.
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Table 6. Characteristics shared by all of the Beggiatoa isolates.
Characteristic Result
Gliding motility +
Growth on BP medium +
Growth on MP medium +
PHB deposited on BP medium +
Volutin deposited on BP medium +
aSulfur deposited on MP medium +
Production of catalase -
Production of cytochrome oxidase -
Growth on 0.05% KCN -
Growth on 0.05% SDS -
Hydrolysis of gelatin -
Hydrolysis of casein
Sensitivity to polymyxin B (300 U) +
Sensitivity to neomycin (30 yug) +
Sensitivity to sulfathiazole (300 yug) -
Sensitivity to bacitracin (10 yug) -
Stimulation by catalase in the medium +
Growth in freshwater media +
Growth in salt-water media -
Strictly anaerobic growth -
a Except for group B strains (Table 7), which grew well on MP medium
but did not deposit sulfur.
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Table 7. The division of Beggiatoa isolates into groups based on 
their morphological and physiological features.
Characteristic
Groups
A B C D E
No. of isolates 11 3 6 3 9
Trichome width (̂ im) 1.8-2.7 1.8-2.6 2.0-2.7 1.5-2.2 3.5-5.0
Ave trichome length^um) 100-300 250 250 250 60-120
Form supercoiled balls + - - - -
Colony type C L L L C
Hormogonia production +/- - - - +
Sulfur deposition + - + + +
Dispersed growth in - - - - +
liquid media 
Growth at 0-5 C + +
Growth at 15 C. + - + + +
Growth on 0.01% SDS - - - - +
Growth on 0.01% KCN - - +/- - +
Growth on 0.01% NaN3 +
- + + +
Growth on 0.05% NaN^ - - + + +
Growth on Nutrient agar - - - + +





A B C D E
Penicillin sensitivity - - - - +
(10 U)
Growth in semisolid BP
Type Dispersed Ring Ring Ring Ring
Depth (mm)k 5-40 4 5 5 5
Growth in semisolid MP
Type Dispersed Dispersed Ring Dispersed Ring
Depth (mm)*3 5-40 4-20 20-25 0-40 40-45
a Colony type as defined by Pringsheim (54). C = circuitans, L = lin-
guiformis.
^ Distance in mm below the surface of the medium.
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Fig. 1. Typical appearance of a Beggiatoa fluff ball from an 
enrichment culture. Bar, 100 yum.
Fig. 2. Typical appearance of Beggiatoa from an enrichment culture.
The granules consist of sulfur (S) and PHB (P). Bar, 10 yum.
Fig. 3. Phase micrograph of Beggiatoa from the root zone of J5.
altemiflora from a salt marsh. Because of the large 
diameter (15 yum) of the trichome, this organism is prob­
ably B. mirabilis. Sulfur granules may be seen within 
the cells. Bar, 10 urn.
Fig. 4. Pure culture of Beggiatoa stained to show the PHB (A) 
and volutin (B). Bar, 10 um.
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Fig. 5. Phase micrograph of strain B8GC (group A) growing on the 
surface of BP agar. Two of the trichomes have formed 
supercoiled balls, which rotate on the agar and etch the 
surface. The large rotating (but flat) colony was asso­
ciated with many strains. Pringsheim (5A) referred to 
the latter colony type as circuitans, or C, type of 
colony. Bar, 30 um.
Fig. 6. Appearance of Beggiatoa growing on MP medium. (A) Phase 
micrograph. (B) Dark-field micrograph. Bars, 10 yum.
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Fig. 7. Extraction of sulfur from Beggiatoa by pyridine. (A) The 
trichome was prepared as a wet mount, pyridine was added, 
and a cover slip was sealed over it. The empty cavities 
in the cells are seen, and a crystal has formed externally. 
(B) The trichomes were placed on a slide and dried until 
they lysed. A drop of pyridine was added, and the crystals 
formed where the sulfur granules had been. Many non-extrac- 
ted granules remain (arrow). Bars, 10 jum.
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Fig. 8. Thin sections of strain B15LD grown on MP medium. (A) A sul­
fur granule (S), the invaginated cytoplasmic membrane (CM), 
and the sulfur granule membrane (SM) are seen. Bar, 1 jm. 
(B) A high-magnification micrograph of the sulfur membrane 
shows that it consists of three electron-dense layers 
(arrows). The invagination of the cytoplasmic membrane is 
apparent (CM). Bar, 0.1 yum.
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Fig. 9. Thin section of strain B15LD grown on BP medium. The large 
inclusions are PHB. Bar, 1 yum.
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Fig. 10. A high magnification of strain B15LD grown on MP medium, 
showing the various layers of the cell envelope: the 
cytoplasmic membrane (CM), the peptidoglycan layer (PL), 
the unit membrane (UM), and the outer layer (OL).
Bar, 0.1 yum.
Fig. 11. Scanning electron micrograph of strain B15LD from broth
culture. The cells are bound in slime (S), and the septa 
(P) are poorly defined. Bar, 1 yum.
AO
Fig. 12. (A) Low- and (B) high- magnification scanning electron
micrographs of strain B12LD grown on solid MP medium. 
There are no visible septa, and slime trails may be seen 
etched into the agar in (B) (arrow). Bars in (A) and 





Beggiatoa unlike some bacteria (i.e., Escherichia coli) cannot 
always by enumerated directly from its habitat and especially from 
sediments because of the lack of a specific selective medium and be­
cause gliding cells move about over the surface of an agar medium.
A reasonable approach to solving this problem is to develop an MPN 
procedure using an enrichment medium in which Beggiatoa is favored 
over competing organisms so that high recoveries may be expected. The 
SACH medium provides such an enrichment, and by confirming presump­
tively positive tubes by phase microscopy an accurate enumeration of 
Beggiatoa from fresh water environments may be obtained. From brackish 
and marine environments, this medium does not always provide reproduc­
ible results even though beggiatoas may grow in it, and we are trying 
various modifications to overcome this problem.
In the SACH medium the presence of catalase was important, 
presumably because it decomposes the peroxide which Beggiatoa produces 
(9). The concentration of acetate also appeared to be critical, with 
0.05% being the optimum concentration.
Our strains, with two exceptions, grew very poorly on a medium 
composed of 0.0001% acetate plus catalase. The addition of H 2 S to this 
medium greatly stimulated growth, and the cells deposited sulfur. We 
have not investigated the mechanism of stimulation.
The relative abundance of Beggiatoa in the sediments of southern
Louisiana lakes and streams (Table 4) was not suprising. Lackey 
(35), Lackey j2 t al (37) and Pringsheim (55) indicated that Beggiatoa 
were present in large numbers in most of the habitats that were suited 
for them. Suitable conditions were governed by the availability of 
nutrients, the proper salts balance, the proper C^-H^S balance, a 
supply of CO^, and slightly alkaline conditions. Pringsheim (55) 
noted that standing water and black mud were typical environments 
which nearly always produced thriving trichomes in enrichment cultures 
and Scotten and Stokes (6 8 ) indicated that Beggiatoa were common in 
most lake and river sediments, sulfur springs, and marine habitats. 
Pitts £t al (52) and Joshi and Hollis (30) have found Beggiatoa in 
association with rice roots under the annual flooded soil conditions 
of Louisiana rice paddies. Whereas Beggiatoa was not found to be a 
good indicator of pollution (36), some researchers have reported the 
presence of Beggiatoa in polluted lakes or streams (53) and in activa­
ted sludge (19). The presence of the larger forms of Beggiatoa in the 
Spartina salt marsh (trichome width up to 35 yum) also corresponds to 
the reports by Lackey (35) and Lackey et al (37) who reported that 
B.* mirabilis and 15. gigantea, with arbitrary trichome widths of 15-21 
yum and 26-55 yum respectively (40), were found only in marine or brack­
ish water environments.
An enrichment medium which gave adequate recovery of beggiatoas 
without heavy contamination by other bacteria was SACH medium, but 
with the acetate deleted. This medium was used routinely a6  an enrich
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ment medium from which to obtain pure cultures.
Although our basic isolation procedures differ little from some 
reported procedures (14, 20, 54, 6 8 ), the wash in catalase and the 
blotting of the trichomes were factors which greatly enhanced isolation. 
By using those modifications, along with the optimal nutrient and 
agar concentrations and optimal temperature, isolates were routinely 
obtained from enrichment cultures. By using MP medium with or without 
antibiotic discs, strains were readily isolated.
The nature of Beggiatoa nutrition has been the center of contro­
versy for several years. Although Keil (31) and Bavendamm (3) repor­
tedly cultured autotrophic strains of Beggiatoa which oxidized to 
sulfur for energy yielding purposes, there is some question as to the 
validity of their results (74). Kowallik and Pringsheim (34) and 
Pringsheim and Kowallik (56) reported the facultatively autotrophic 
growth of 5 of their 14 strains, and 2 strains which could be coaxed 
to autotrophic growth if pregrown mixotrophically. Pringsheim later 
stated that none of the strains could grow autotrophically but that 
they deposited sulfur when in autotrophic, non-growth conditions (55). 
He further stated that all of his strains required small amounts of 
organic materials for growth, which demonstrated their mixotrophy. 
Cataldi (14) and Faust and Wolfe (20) reported the isolation of 
Beggiatoa strains which grew heterotrophically on media containing
45
low amounts of organic nutrients. Faust and Wolfe (20) showed that 
their strains could tolerate low levels of and they observed 
that although the cells deposited sulfur under those conditions, 
their strains did not grow autotrophically. Cataldi (14) attempted 
to grow her strains autotrophically but neglected to include as 
an energy source and was unsuccessful. Scotten and Stokes (6 8 ) 
isolated three strains which required I^S and an organic substrate such
as acetate for growth, which was perhaps an indication of obligate
mixotrophy by those strains. The other two strains they studied, those 
supplied by Pringsheim (54), grew well in the presence of ^S, but
like Faust and Wolfe's (20) strains, they did not require I^S for
growth. Burton and Morita (9) studied a strain which deposited sulfur 
in the presence of ELjS but which also grew heterotrophically on acetate 
or other organic acids and yeast extract. We have not yet been able 
to grow our strains autotrophically.
It does not seem likely that our hay enrichments, or those of 
Cataldi (14) or Faust and Wolfe (20) selected against autotrophic 
strains. The hay enrichments, with or without the addition of H^S 
emanating mud, should have provided an environment similar to that in 
which the beggiatoas are found, i.e., low levels of organic material, 
sulfide, and oxygen. The presence of catalase in our enrichments 
should be a stimulus to any autotrophic strains present. Moreover, 
Pringsheim (34, 54) and we have noted that in these enrichments, the 
trichomes contained sulfur granules, and upon isolation some of 
Pringsheim's strains were mixotrophic.
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It is possible that the isolation techniques, instead of the 
enrichment techniques, may have selected for the heterotrophic strains 
over the autotrophic strains, if the latter exist. Pringsheim (54), 
Faust and Wolfe (20), Maier and Murray (43), Scotten and Stokes (6 8 ), 
and we have all used heterotrophic media for the primary isolation 
of Beggiatoa from enrichments. Cataldi (14) used a medium deficient 
in nutrients and containing no energy source. She retrieved her 
trichomes after short periods of time, relying on the endogenous me­
tabolism of the beggiatoas for gliding and minimal growth. The use 
of MP medium with a low (1Q“^%) acetate concentration, or modifications 
of this medium, may allow the isolation of autotrophic strains in the 
future, if such strains exist.
The strains of Beggiatoa studied by Cataldi (14), Faust and Wolfe 
(20), Scotten and Stokes (6 8 ), Burton and Morita (9), and Pringsheim 
(54) had trichome widths of about 1.0-3.0 yum. For the most part, they 
were consistently shown to have similar characteristics although the 
studies were limited. Faust and Wolfe's strains (20) appeared to be 
similar to our group C strains (Table 7) in trichome width, sensi­
tivity to cysteine (unpublished data), sensitivity to high concentra­
tions of H2 S, the length of the trichomes, and general morphology and 
growth patterns. Scotten and Stokes' strains No. 10-15 (6 8 ) were 
similar in size to our group A, B, C, and D strains, but our strains 
did not require H2 S for growth as did their strains, so they may have 
been different physiologically. Pringsheim separated his strains into
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8  subgroups, based mostly on trichome size, hormogonia production, 
nitrogen sources, and salinity sensitivity or requirements (54).
Because his groupings were based on characteristics different from 
the ones reported here, comparisons are hard to make. Kowallik and 
Pringsheim (34) noted that their strains numbers 5, 7, and 9 did not 
deposit sulfur in axenic culture and had trichome widths of 1.5-2.5 
yum. They may be similar to our group B strains which are the same 
size, which do not deposit sulfur, and which shared similar morpho­
logical characteristics with Kowallik and Pringsheim's (34) strains. 
Pringsheim's other strains had several characteristics which were 
shared by several of our strains, but none of ours appear to match 
identically with their strains. We also used Pringsheim's separation 
of colony morphology into C type (Circutane) or L type (Linguiformis) 
colonies (54) as a separating characteristic. Although colonies were 
subject to some changes due to nutritional or environmental conditions, 
they retained the same basic morphological formation.
It is probable that groups C and D, and those strains studied by 
other investigators (9, 20, 34, 43, 54, 6 8 ) were strains of the species 
13. leptomitiformis. They all had many similar characteristics and they 
had trichome widths of about 1.0-3.0 yum which corresponds closely to 
the 1-2 yum stated in Bergey's Manual, 8 th edition (40). Our group 
E strains appear to constitute the species 13. alba in their size (3-5 
yum). Further studies of the group E strains, along with similar 
strains from other locations, may allow us to create a well defined
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species in the future. The group A strains appeared different from 
any of those in the recent literature and they may, after further 
studies are completed, be found to constitute a new species. The 
group B strains, along with Pringsheim’s strains 5, 7, and 9 may be 
variants of 15. leptomitiformis which are not able to produce sulfur 
granules under laboratory conditions. Because they were similar to 
other beggiatoas in characteristics such as resistance to, and stimu­
lation by, sulfides, and in growth characteristics, they should prob­
ably not be considered as Vitreoscilla.
Burton £t al (10) found that their strains of Beggiatoa did not 
contain a cytochrome system, and our strains do not contain a cyto­
chrome oxidase. Other apochloric gliding bacteria such as Vitreoscilla, 
Saprospira, and Leucothrix contain cytochrome systems (85). Dietrich 
and Biggins (15) found that a 1.2 mM (0.078%) cyanide concentration 
was required to inhibit the electron transport system to oxygen in 
Saprospira grandis and Vitreoscilla species by 73 and 8 8 % respectively. 
The sensitivity of Beggiatoa to 0.01-0.05% KCN is similar to the sen­
sitivities exhibited by these other filamentous gliding bacteria.
This, plus the sensitivity of Beggiatoa to concentrations of above 
0.025% azide, may indicate that some type of electron transport sys­
tem is present in some beggiatoas. Moreover, other bacteria which 
oxidize reduced sulfur compounds, such as the thiobacilli (1 ), the 
purple and green sulfur bacteria (64), and perhaps the cyanobacteria 
(2 2 ) couple the oxidation to electron transport via one or more
49
cytochromes.
Our observations of the fine structure of the cell envelope con­
firm those of Maier and Murray (43), who observed a cytoplasmic mem­
brane, a dense peptidoglycan layer, a dense-light-dense membrane-like 
layer and an outer layer which appeared single under heterotrophic 
conditions and double in the "wild type". They also noticed that the 
outer layer did not take part in septation, and this is substantiated 
by our thin sections and SEM micrographs.
That the depostion of sulfur occurs external to the cytoplasmic 
membrane in Beggiatoa has been fairly well documented (43, 83). How­
ever, the membrane enclosing the granules in Beggiatoa has not been 
observed before, although Maier and Murray (43) saw a dense material 
attached to the inner surface of the cytoplasmic membrane around the 
sulfur granule. This membrane is morphologically different from that 
seen in thin sections of purified sulfur granules obtained from 
Chromatium (46). Schmidt et d. (67) reported that the intact, isola­
ted sulfur granules were composed of 93.5% sulfur, 5.2% protein, 0.55% 
lipid, and 0.047% bacteriochlorophyll. The sulfur granule membrane in 
Chromatium consisted almost entirely of protein (67), and it was 
2.5-3.0 nm thick (46).
The presence of this trilinear membrane (12 nm thick) may indi­
cate that there is a specialized structure which functions in the oxi­
dation and storage of sulfur compounds in Beggiatoa. This in turn 
would indicate that the oxidation of sulfur by Beggiatoa has a normal 
and beneficial physiological function, and it would differentiate the 
deposition of sulfur by Beggiatoa from the sulfur deposited by
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Sphaerotilus natans, Spirillum and other bacteria under stressed 
conditions which kill them (43, 72).
Slime production and the production of trails on the agar surface 
by Beggiatoa were not unexpected. Pringsheim (54) observed that 
Beggiatoa and Vitreoscilla produced trails whereas the other apochloric 
flexibacteria did not. The production of slime by other gliding 
bacteria has been well documented and in some instances it has been 
associated with their gliding motility (16).
PART II. The Assimilation and Metabolism of CO^ by Beggiatoa alba.
52
INTRODUCTION
Most isolates of Beggiatoa have been reported to be heterotrophic 
in their physiology (20, 54, 78), but Scotten and Stokes (6 8 ) reported 
a type of metabolism for several of their isolates which would now be 
called mixotrophy (61). Moreover, possible autotrophy has been repor­
ted twice (31, 34). This confusion may be due in part to strain dif­
ferences, but there has been a lack of definitive experiments to clar­
ify the issue.
Autotrophic organisms would be expected to fix large amounts of 
CC^. Burton £t al (10) showed that a strain of JB. leptomitiformis 
fixed CO2  via a reversal of the isocitrate dehydrogenase reaction.
This is not considered to be an autotrophic type of metabolism, but it 
is consistent with either mixotrophy or autotrophy. No other CO2  
fixation mechanisms have been reported for any member of the genus.
We previously reported the isolation and partial characterization 
of 32 strains of Beggiatoa (78). Their ability to grow on extremely 
small amounts of organic material, their stimulation by sulfide, and 
their production of sulfur granules when grown on sulfide containing 
media hints at a mixotrophic mode of metabolism. This paper reports 
our studies using ^CC > 2 to determine the mechanism(s) of CC> 2 fixation 
and also the relative amount of cellular carbon that can be supplied 
by exogenous CO 2  in Beggiatoa alba strain B18LD.
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MATERIALS AND METHODS
Organisms, growth conditions, harvest, and maintenance of the 
cultures, Beggiatoa alba strain B18LD was isolated from an enrich­
ment culture from Lacassine, Louisiana, and was a member of our 
group E strains in an earlier publication (78). For sulfide oxid­
izing (mixotrophic) growth conditions, B. alba was grown in liquid 
MP05 medium which contained 0.05% sodium acetate, 0.03% sodium sulfide, 
and Pringsheim’s basal salts (34, 78). For heterotrophic growth con­
ditions, JB. alba was grown in liquid BPA medium which contained 0.05% 
sodium acetate, 0.05% asparagine, and Pringsheim’s basal salts. The 
cultures were normally maintained at 25 C on solid MP05 medium con­
taining 1.2-1.5% agar and were transferred every 7-10 days.
Unless indicated otherwise, the growth cultures were always 
started with a 20% inoculum and were incubated at 30 C for 16-18 h 
on a rotary shaker at 150 rpm in 1  1 flasks containing 500 ml of either 
BPA (heterotrophic) or MP05 (mixotrophic) growth media. The resultant 
log phase heterotrophic and mixotrophic cultures had optical densities 
at the time of harvest of 0.22 and 0.30, respectively. The trichomes 
were harvested by centrifugation for 20 min at 20,000 x g (4 C), 
washed twice in Pringsheim’s basal salts (pH 7.5), and then resuspended 
in the basal salts at a concentration of 0 .8 -1 , 0  mg protein per ml.
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Requirement of CO  ̂ for growth. Fifty ml of MP05, BPA, or AC 
(0.05% sodium acetate and Pringsheim’s basal salts) media were dis­
pensed into "biometer" sidearm flasks (Bellco Glass, Inc., Vineland,
N. J. ) and the flasks were autoclaved. Filter paper accordians
2(approximately 16 cm ) were placed into the sidearms of all of the
biometer flasks. The filter paper accordians in some of the flasks
were saturated with either 1.0 ml of sterile 30% KOH or 0.5 ml of
Hyamine 10X hydroxide (Packard Instrument Co., Inc., Downers Grove,
111.) to determine if B. alba could grow in the absence of CO2  (see
Table 1 ). Filter sterilized NaHCO^ (0.01% final concentration) was
added to some of the sterile culture media to determine if exogenous
CO^ stimulated growth (see Table 1). Then 5 ml of heterotrophically
pregrown log phase B. alba culture were added to each culture vessel,
and both the vessels and the sidearms were sealed with sterile rubber
stoppers. The cultures were incubated in a rotary shaker (175 rpm)
at 28 C for 72 h, at which time the optical densities were measured
and the cultures were checked microscopically for contamination and
to determine if the trichomes were alive and intact.
14COq assimilation experiments and liquid scintillation counting. 
14To measure the rates of CO^ assimilation under differing pre-growth 
conditions (mixotrophic versus heterotrophic) and in the presence or 
absence of various nutrients, 2 0  ml of washed and concentrated trich­
omes (approximately 0.85 mg protein per ml) were dispensed into 50 ml 
open flasks. Additions of acetate and asparagine (to make BPA medium; 
Fig. 1), acetate and Na2 S (to make MP05 medium; Fig. 1 ), various con­
centrations of acetate (Fig. 2) or the metabolic inhibitor fluoroacet-
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ate were made and the cultures were shaken in a reciprocal water bath 
shaker (120 rpm) at 25 C. The volumes of the control flasks were 
adjusted with Pringsheim's basal salts solution. Ten pC± of NaH-^COg 
( 1  yumol) were added to each flask and the trichomes were incubated 
(same temperature and shaking conditions as above) for 90 min during 
which ten 0.5 m.1 samples were collected at 15 or 30 min time intervals. 
The cells were collected on glass fiber filters (Type A, 25 mm; Gelman 
Instrument Co., Inc., Ann Arbor, Mich.), washed with 5 vol of Pring- 
sheim's basal salts solution (pH 3.0), placed into scintillation vials 
and dried overnight at 60 C.
14To measure the Kinetics of C02  assimilation by B. alba, 20 ml
of concentrated and washed trichomes (0.9-1.2 mg protein per ml) from
mixotrophically and heterotrophically grown cultures were dispensed
into each of twelve 50 ml open flasks and were incubated as above.
14Concentrations of NaH COg ranging from 5 to 550yuM (final concentra­
tions) were added to the flasks to initiate the reactions and the assim- 
14ilation of C0 2  was measured by taking 0.2 ml samples at 4-min inter­
vals. The samples were filtered, washed, and dried as above. Controls
consisted of identical flasks but without cells in which the loss of 
14C0 2  to the atmosphere from the open flasks was measured.
The dried filters were placed in to a toluene solution con­
taining 5 g/1 diphenyloxazole (Merck, Darmstadt) and 50 mg/1 diphenyl- 
oxazolylbenzole (Merck). Radioactivity in the samples was measured 
in a Packard Tri-Carb C2425 or a Beckman LSC200 scintillation
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spectrometer. Quench corrections were made using internal standards
with known solutions of "^C-toluene or "^C-acetate, and (or) the ex-
14temal standard. The counting efficiencies for C under the condi­
tions of these experiments were 78-83%. Aliquots from all experiments 
were frozen for subsequent measurement of protein by the method of 
Lowry e_t al (41).
Fractionation techniques. Washed and concentrated trichomes from 
heterotrophic (BPA medium) and mixotrophic (MP05 medium) conditions 
were resuspended in 30 ml of the same type of medium in which they were 
grown and were pre-incubated for 10 min. Twenty yuCi (2 yumol) of 
NaH^CO^ were added to each medium and the cultures incubated as above.
At timed intervals, triplicate 0.2 ml aliquots were removed. One
14aliquot was used to measure the total CO^ uptake as described above. 
Another aliquot was used to measure incorporation into cold
trichloroacetic acid (TCA)-precipitable material by combining the ali­
quots with 0.2 ml of ice-cold 10% TCA. The samples were filtered 
after 2  h incubation in an ice bath, washed twice with water, and
dried as above. The residual radioactivity on the filters was measured.
14The third aliquot was used to measure the CO^ incorporation into 
poly-^-hydroxybutyric acid (PHB). PHB was isolated by incubating 
the aliquot with 1.0 ml of alkaline hypochlorite (87) at 45 C for 
2 h and filtering the samples onto glass fiber filters. These were 
washed twice each with 2 ml of distilled water, 5 N E^SO^, distilled 
water, 95% ethanol, and distilled water again. This was followed by 
three washes each with 2  ml of 1 0 0 % acetone and then distilled water.
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The filters were dried and counted as above with counting efficiencies 
of approximately 79%.
To determine the molecular distribution of the label, a modifica­
tion (26) of the procedure developed by Roberts e_t al (62) was used.
Washed trichomes from mixotrophic and heterotrophic cultures were incu-
1Abated for 2 h with 20 yuCi (2 yumol) of NaH CO^ in a 30 ml volume of
the same medium in which they were pregrown. After fractionation (26),
the residues were hydrolyzed with 5 ml of 6  N H2 SO4  for 15 h at 105 C.
Aliquots of the soluble portions from each treatment were counted in
"emulsifier scintillator 299" (Packard) as before using internal and
(or) external counting standards to correct for quenching. Counting
efficiencies were 48-54% under these conditions.
Chromatography and autoradiography to determine early intermediates
of -^CO ,̂ fixation. To determine the stable alcohol-soluble intermed- 
14lates after CC> 2 fixation, washed and concentrated heterotrophically
pregrown trichomes were resuspended in BPA medium (final density and
volume, 5 mg protein per ml, 3 ml). NaH^^CO^ (25 jpCi; 54 ̂ lCi^umol)
was added and the suspension was incubated as above. Aliquots of 0.2
ml were removed at intervals and acidified with 0.5 N HC1 to stop the
reactions and to release exogenous ^ C 0 2 . The samples were evaporated
to dryness and the residue was treated with 70% boiling ethanol to
extract the metabolic intermediates. Two dimensional descending paper
chromatography was performed using phenol:acetic acid:water (84:10:160)
followed by methanol:formic acid:water (80:15:5; 2). The chromatograms
owere cut into 1  cm squares and the radioactivity in the squares
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assayed in the scintillation spectrometer.
14For the determination of the earliest products of CO2  fix­
ation, IS. alba was grown mixotrophically, harvested, and washed as 
above. The trichomes were resuspended at approximately 10 mg/ml
in 5 ml basal salts plus 0.03% Na2 S, pH 7.5. Aliquots of 0.9 ml were
14transferred into four separate tubes. One hundred yul of NaH CO^
(25 ̂ iCi; 54 yuCi/^mol) were added to the first tube. The tube was 
vigorously hand-shaken to assure dispersal of the label, and after 
10 sec, 4 ml of 100% boiling methanol were added to stop the reaction 
(59). The other tubes were treated in the same manner except that 
the reactions were stopped at 20, 30, and 60 sec. The methanol-extrac­
ted cells from each treament were incubated at 25 C for 30 min and 
were centrifuged,, The supernatant fluid from each was decanted and 
saved and the pellets were re-extracted for 3 h with 2 ml of 20% 
ethanol. The ethanolic extracts were centrifuged and the supernatant 
fractions of each were combined with the methanolic supernatant frac­
tions of the same sample. The combined alcoholic supernatant fractions 
were reduced in volume by vacuum evaporation and chromatographed in 
two dimensions on aluminum-supported cellulose thin layer plates (Merck, 
Darmstadt) using n-propanol:ammonia:water (6:3:1) in the first direc­
tion and n-butanol:formic acid:water (6 :1 :2 ) in the second direction 
(24). The solvent systems of Meyers and Huang (45) and of Benson et al 
(5) were also used to confirm the results. The radiochromatograms 
were air-dried and were autoradiographed using a 4 wk exposure period 
on Kodak X-ray film (X-Omat R, XR-5 film; Eastman Kodak, Co, Inc., 
Rochester, N. Y.).
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Assays for COq fixing enzymes. Cell-free extracts for enzyme
assays were prepared by growing and harvesting the cells as described
above. Washed trichomes were resuspended in 100 mM K^HPO^-KI^PO^ 
buffer (pH 7.5) and broken by 3 x 30 sec sonication (in an ice bath).
The extracts were centrifuged at 30,000 x g (A C) for 30 min to sed­
iment unbroken cells and cell wall material. The supernatant fluid 
was collected and kept on ice under a nitrogen atmosphere. Assays for
all enzymes were done within 30 min of extract preparation. The
carboxylating enzymes ribulose-l,5-bisphosphate carboxylase (EC 4.1.1. 
39), phospho-enol-pyruvate carboxylase (EC 4.1.1.31), pyruvate car­
boxylase (EC 6.4.1.3), malate dehydrogenase (decarboxylating, "malic 
enzyme"; EC 1.1.1.40), and isocitrate dehydrogenase (NADP; EC 1.1.1.42) 
were assayed by following the condensation of ^CO^ with the appropriate 
substrate into acid stable products as described by Steinmliller and 
Bock (75). Controls included deletion of substrate or cofactors from 
the assay mixture (see Tables 4, 5) and boiled extracts. All carbox-
ylation enzyme reactions were carried out in capped, 2 x 4 cm vials
14under a nitrogen atmosphere at 30 C for 30 min. The NaH CO^ was added
under a stream of nitrogen to maintain anaerobic conditions. The en-
14zyme reactions were stopped and the unfixed CO2  was driven off by 
the addition of 50 yul of 6  N H2 SO4  to the vials. The vials were then 
heated to 60 C for 2 min to drive off any residual "̂̂ CÔ  and cooled. 
Aliquots (50 yul) were removed and counted in the Packard emulsifier 
solution with counting efficiencies of approximately 52%. Kinetics
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of the reactions were determined by running multiple vials and 
stopping the individual systems at intervals.
Chemicals and radiochemicals. NaH^CO^ (50-60 mCi/mmol) was 
obtained from Amersham-Buchler (Braunshweig, F.R.G.) and from New 
England Nuclear (Boston) in 1 mCi amounts and was usually diluted 
with unlabeled NaHCO^ to a specific activity of 10 yaCi///umol. Sodium 




Requirement of CO,, for the growth of Beggiatoa alba. Little or 
no growth was obtained with ]}. alba when CC^ was trapped by either 
KOH or Hyamine hydroxide (Table 1). Furthermore, microscopic examin­
ation of the trichomes from the flasks in which CC^ was trapped re­
vealed that the trichomes were not viable after 72 h. However, the 
addition of 0.01% NaHCO-j to the media did not increase the amount of 
growth obtained over normal in either the mixotrophic or the heterotro- 
phic cultures. About twice as much growth was obtained in MP05 medium 
as in AC medium, showing that sulfide stimulates the growth of B. alba.
The assimilation of ^ C O q by whole cells. Cells that were placed
under either heterotrophic or mixotrophic growth conditions fixed -^C0 2 ,
but the rate and extent of assimilation was always highest in cells
grown or incubated heterotrophically (Figs. 1, 2), even if they were
pregrown mixotrophicallv. The rate and amount of fixed increased
with increasing amounts of acetate up to a concentration of 0.02-0.05%
acetate. Above this threshold level, higher amounts of acetate did
14not cause a greater uptake of CO^ (Fig. 2). Other organic acids 
were tested for their abilities to stimulate ^CO uptake. Succinate, 
malate, oxaloacetate, pyruvate, and lactate at 1.63 mM concentrations 
stimulated "^CO assimilation while several other tricarboxylic acid 
cycle (TCAC) intermediates or amino acids had no stimulatory effect 
(Table 2). Increasing the amount of substrate to 3 or 5 mM gave the
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same results (data not shown). Sodium glyoxylate was inhibitory,
starting at concentrations above 0.05 mM, with maximum inhibition
14at 3 mM. Fluoroacetate at 1 mM inhibited (X> 2 uptake by about 
70% but at 1-100 ̂ uM concentrations, the inhibition was reduced to 
about 10-15%.
The apparent for assimilation by heterotrophically
grown trichomes was 297 yuM and the Vmax was 106 pmol min- 1  mg protein- 1
(pH 7.5; 25 C; Fig. 3). With mixotrophically grown trichomes assayed
under the same conditions, both the ( 6 6 6  yuM) and the Vmax (131 pmol
min“  ̂mg protein-1) were significantly higher (Fig. 3). The measured
values may differ slightly from the true values due to a loss of 1 0 %
of the from the open control vessels.
14Fractionation of the trichomes after C0„ assimilation. With
either heterotrophic or mixotrophic growth conditions, approximately 
1465% of the CO2  assimilated by the trichomes was incorporated into 
cold TCA-precipitable material during the 90-min time periods of lab­
eling (Fig. 4 a, b). Essentially none of this was into PHB (Fig. 4 a,
14b). Another fractionation of CO^ labeled mixotrophically-grown and
heterotrophically-grcwn cells revealed that approximately 11.5-13% of
the label remained in the amino acid-orgnaic acid pool (cold TCA-sol-
uble), 8 -1 0 % was incorporated into lipid material (methanol-chloroform
soluble), 21-23% was incorporated into nucleic acids (hot TCA-soluble),
and 48-51% was incorporated into proteins or cell wall material (hot
TCA-precipitable material; Table 3). There was no significant differ-
14ence in the patterns of CO^ incorporation between the mixotrophically-
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grown and the heterotrophically-grown trichomes.
14 14Products formed after CO  ̂ assimilation. The amount of CO^
incorporated into ethanol-soluble compounds within 3 min and changes 
in the relative amounts of these compounds over 30 min was determined 
(Fig. 5). Glutamate was the major labeled product. Other labeled 
products, in the order of decreasing amount of incorporated radioac­
tivity, were phosphate esters, aspartate, succinate, and glutamine, 
respectively.
14Short term pulses with CO2  were performed to determine the first 
product of CO2  fixation. A 10 sec pulse yielded no labeled products. 
After 20 sec, glutamate and aspartate were the only major products 
(Fig. 6 ). After 60 sec, labeled succinate was also detected.
Enzyme assays. Carboxylating enzymes in cell-free extracts of 
B. alba were malic enzyme (Table 4) and isocitrate dehydrogenase 
(Table 5). Ribulose-l,5-bisphosphate carboxylase, phospho-eno1-pyruvate 
carboxylase, and pyruvate carboxylase were not found in the extracts 
of either heterotrophically-grown or mixotrophically-grown cells.
The activity of malic enzyme and isocitrate dehydrogenase followed 
first order kinetics for the 60 min over which they were assayed (data 
not shown). Isocitrate dehydrogenase activity was 60-65% greater in 
mixotrophically-grown cells than in heterotrophically-grown cells but 
the activity of malic enzyme was approximately the same under both 
growth conditions. Both enzymes were sensitive to air as shown by 
the loss of about 20-35% of their activities (Tables 4, 5) and addition 
of glyoxylate greatly decreased the amount of fixed by the two
enzymes. Both malic enzyme and isocitrate dehydrogenase utilized 
NADPH^ (Table 4, 5). Malic enzyme also used NADH, albeit less effe 
tively. Both enzymes appeared to preferentially require Mg++ over 
Mn . Removal of endogenous substrates by chromatography of the ex 
tracts through a G-25 Sephadex column did not alter the activities 
of either enzyme (unpublished results).
Table 1. Requirement of CC>2 for the growth of Beggiatoa alba B18LD.
Medium NaHC03 (0.01%) 
added




Exp 2 Exp 3
AC +b - 32 36 34
If - K0Hc 1 NDd ND
It - HyH ND 2 0
MP05 + - 63 57 60
II - - 60 60 60
II - KOH 9 ND ND
II - HyH ND 2 15
BPA + - 28 35 32
VI - - 30 21 25
11 - KOH 6 ND ND
If - HyH ND 7 4
a Expressed as the increase in Klett units (red filter, 560 nm) over
the initial value (5 KU).
b not added; +, added as described in Materials and Methods. 
C KOH, 40% KOH; HyH, Hyamine hydroxide 10X. 
d ND, not determined.
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14Table 2. The amount of CO^ assimilation by Beggiatoa alba in the 
presence of various organic substrates.
Organic compound added dpm per mlb dpm per ml with added substrate 
dpm per ml of control















£ The trichomes were pregrown mixotrophically in MP05 medium, washed 
and concentrated to 0.95 mg protein per ml in Pringsheim’s basal
salts + 0.03% Na2 S. Organic compounds were sodium salts, pH 7.5 and 
were 1.63 mM final concentration. 
b Averages of three samples taken after 30 min incubation with 5 yuCi
14(10 yjCi per yumol) NaH CO^.
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Table 3. Distribution of radioactivity in cells of Beggiatoa alba 
after incubation with NaH^CO^.
Fraction3 Percent of total radioactivity assimilated
Mixotrophic Heterotrophic
Cold 5% TCA soluble 12.9 11.5
CHC13:CH30H (2:1) soluble 7.9 9.7
Hot 5% TCA soluble 21.4 23.8
Hydrolyzed residue 48.6 51.1
Total of fractions 90.8 96.1
3 For a description of the procedures, see ref. 26.
b  1 A 7Total NaH CO^ added, 3.232 x 10 dpm. Cell concentrations of 
approximately 1 mg protein per ml were incubated with the label for
2 h at 25 C, shaking on reciprocal shakers at 120 rpm.
Table 4. Activity of malic enzyme in Beggiatoa alba.
^ C 0 2 fixed (pmol min“^ mg protein
Treatment
Heterotrophic Mixotrophic
Complete a 54.1 53.3
Minus pyruvate 2.4 2.9
Minus EDTA 62.2 71.4
Minus MnCl2 1.9 2.7
Minus MnCl2, plus MgCl^ 31.9 55.6
Minus NADPH2 2.0 7.7
Minus NADPH2, plus NADH2 36.8 42.7
Complete, plus 2.5 yumoles
glyoxylate 16.2 22.6
Boiled cells 1.7 2.1
Incubated aerobically 41.0 38.6
a The complete reaction mixture included in 0.325 ml: pyruvate, 5
yumoles; ethylenediamine tetraacetic acid (EDTA), 2.5 yumoles, MnCl2
or MgCl2 » 2.5 yumoles; NADPH^ (or NADH^), 1 yumole; phosphate buffer,
1 LpH 7.5, 25 ̂ umoles; NaH C0^(10 yuCi per ̂ umol), 0.5 yumoles; 0.12 mg 
protein of cell-free extract. The label was added under a stream 
of nitrogen to start the reactions.
69
Table 5. Activity of isocitrate dehydrogenase in Beggiatoa alba.




Minus ©4-ketoglutarate 7.4 3.4
Minus EDTA 80.1 140.2
Minus MgCl2 1.7 3.3
Minus MgCl^, plus MnCl^ 20.8 37.2
Minus NADPH 3.8 3.12
Minus NADPH2 , plus NADH^ 1.5 3.7
Complete, plus 2.5 yumoles
glyoxylate 10.8 21.3
Boiled cells 4.4 3.2
Incubated aerobically 78.4 127.8
The complete reaction mixture included in 0.475 ml: X-ketoglutarate,
10 yumole; EDTA, 1 yumole; MgC^ (or MnC^) , 10 yumoles; NADPH2  (or
14NADH2 ), 1 yumole; phosphate buffer, pH 7.5, 40 yumoles; NaH COg,
(10 yuCi per yumol), 0.5^imoles; 0.12 mg protein of cell-free extract. 
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UFig. 1. Assimilation of CC^ by whole cells of 13. alba. Trichomes 
were pregrown mixotrophically in MP05 medium, washed, and 
placed into basal salts alone (O  ), MP05 medium ( #), or 
BPA medium ( A ). Trichomes were also pregrown heterotro- 
phically in BPA medium, washed, and placed into MP05 medium 
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Fig. 2. The dependence on acetate for the assimilation of exogenous 
14 by alba. Trichomes were pregrown mixotrophically 
in MP05 medium, washed, and resuspended into basal salts 
and 1 mM Na^S (pH 7.5) alone ( 0)» or plus 0.001% ( #  ), 
0.005% ( A ) ,  0.01% (A), 0.025% ( ■ ) ,  0.05% ( X ) ,  or 
0.1% ( □ )  sodium acetate (final concentrations); or 0.05% 





Fig. 3. The kinetics of exogenous CO^ assimilation by heterotro­
phically-grown ( O ) ar i mixotrophically-grown ( # )  B. alba 
at pH 7.5 and 25 C. Lines were calculated by linear re­
gression.
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14Fig. 4. The incorporation of CC^ by li. alba into whole cells ( #), 
trichloroacetic acid-precipitable material ( A)» and PHB 
( H  )• (A) The trichomes were grown mixotrophically on MP05
medium. The concentration of cells in the uptake vessel 
was approximately 1.6 mg protein per ml. (B) The trichomes 
were grown heterotrophically in BPA medium. The concentration 
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14Fig. 5. The distribution of the C label into alcohol soluble
14intermediates after assimilation of CC> 2 by jB. alba. 
Glutamate ( A ), phosphate esters ( O  )» succinate ( #), 
aspartate ( V  ) > and glutamine ( ■ )  are shown as percent 




Fig. 6. Autoradiograph of the first labeled products after CO^
assimilation by JB. alba. Aspartate (A) and glutamate (G)
were the only products after 20 sec incubation of the
14trichomes with NaH C0^.
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DISCUSSION
We have previously shown that Beggiatoa alba strain B18LD, as 
well as 28 other strains of Beggiatoa, was capable of growing either 
heterotrophically or under sulfide oxidizing (mixotrophic) growth 
conditions (7 8) 9 As wxtih a Beggiatoa studied since 1940, we were 
unable to show autotrophic growth using C0£ and l^S (78). Although 
Kowallik and Pringsheim claimed autotrophic growth for some Beggiatoa 
strains (34), Pringsheim later revised those conclusions and sugges­
ted that their strains were instead mixotrophic (55). Therefore, 
whether autotrophy exists in Beggiatoa is uncertain. This suggests • 
that typical autotrophic CO2  fixation mechanisms may not exist in 
Beggiatoa.
Our strain of JB. alba required CO2  for growth, but the addition of 
excess CO2  in a closed growth system did not stimulate growth. Others 
have noted that CO2  added to the growth medium did not stimulate the 
growth of Beggiatoa strains (20, 68). Faust and Wolfe observed a 
slight inhibition of growth by 5% C0£ (20), and we have noted that 
13. alba B18LD did not grow in either BPA or MP05 media under an atmos­
phere containing 10% oxygen, 20% CO2 , and 70% nitrogen (unpublished 
data). It is thus apparent that at most only a low concentration of 
exogenously supplied CO^ is required for the growth of ]J. alba.
The assimilation of exogenous CO2  by 13. alba was greatest under
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heterotrophic conditions, but B. alba grew better under mixotrophic
conditions (Table 1). Therefore, in contrast to what has been found
in autotrophs (70, 73), the assimilation of exogenous CO2  was not
directly related to growth yield. However, the uptake of exogenous
CO2  may account for only a small part of the CO2  requirement of 13.
14alba. The apparent V  for CO. production from C-2-acetate was' h j h x  2
23 and 72 nmol min  ̂mg protein  ̂for mixotrophic and heterotrophic 
trichomes, respectively (81). Thus the Vmax values for CO2  production 
from the methyl carbon of acetate were respectively 172 and 676 fold 
higher than the Vmax values for the exogenous C02 assimilation. The 
high oxidation rates for the methyl carbon and also for the carboxyl 
carbon of acetate (81) strongly suggest that the CC> 2 requirement of 
13. alba is fulfilled by endogenously produced CO2 . Exogenous 
was greatly diluted and its radiospecific activity lowered by the 
large pool of carbon generated from acetate (62). Moreover, because 
acetate was required for the assimilation of exogenous by B. alba,
the dilution effect was always prominent. A similar phenomenon has 
been noted for the CC> 2 metabolism by Nostoc sp. strain MAC (blue-green 
bacterium) under CC> 2 limited growth conditions (27).
The stimulatory effect of TCAC related compounds on the CC^ 
assimilation by B. alba was opposite the effect of those same 
compounds on the CC^ fixation by Escherichia coli (47, 62). »
Aspartate, glutamate, fumarate, and to a lesser extent, most of 
the other TCAC intermediates, inhibited CO2  fixation by E. coli (47)
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which suggests that the CO^ metabolism in Eh coli and JB. alba are 
very different. In contrast to the isotope competition postulation 
by Roberts et_ _al for Eh coli (62). the organic compounds which stim­
ulated CO2  fixation by 15. alba may be precursors to the molecules 
which are responsible for CO2  fixation. Alternatively, they may 
have been used for the production of energy and (or) reducing power
which could be used to fix CC^.
14CO2  was rapidly incorporated into macromolecules (cold TCA- 
precipitable material) by JB. alba. Because the fixed CC^ was incor­
porated into nucleic acids, cell wall material, and proteins, but not 
into PHB, it is probable that acetyl-Co A is not an intermediate in
the CO2  metabolism by 15. alba. In Hydrogenomonas, an organism which
14contains an operative Calvin cycle, CO^ was incorporated into PHB
via acetyl-Co A, even after very short incubation periods (23).
1 /
The distribution of CCL in the various molecular fractions of ' % ^
B. alba was roughly similar to the -^CC^ distribution in Eh coli (62)
and Methanosarcina barkeri (86), whereas the photosynthetic bacterium,
14Chlorobium limnicola, incorporated CO^ primarily into the lipid frac­
tion (66).
Fluoroacetate has been shown to inhibit CC> 2 fixation by Chlorobium 
thiosulfatophilum (70). The inhibition of ^CO^ assimilation by 13. 
alba by fluoroacetate may be due to the interaction with aconitase (70) 
or to the competitive inhibition of acetate metabolism which seems 
necessary for CO^ fixation. Glyoxylate inhibits some CO2  fixation en­
zymes (82) and also isocitrate dehydrogenase (48). Glyoxylate induced
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inhibition of isocitrate dehydrogenase and the malic enzyme is con­
sistent with its inhibition of CO^ assimilation by whole cells of
The distribution of the label in the alcohol soluble intermed­
iates of jB. alba after short term CO^ fixation was similar to results 
obtained with Chlorobium thiosulfatophilum, an organism known to con­
tain a reductive TCAC (18). Moreover, Burton e£ al (10) and we have 
shown in vitro fixation of labeled CO^ into isocitrate, one of the 
carboxylation steps of the reductive TCAC (18). In the presence of 
approximately 500 yuM exogenously supplied 1^C02, the first stable 
fixation products of li. alba were glutamate and aspartate, which could 
be compared to the "low CO2 " data obtained by Buchanan e£ £il for
C. thiosulfatophilum, in which they found aspartate, glutamate, and 
sugar phosphates as the first stable fixation products (8). However, 
Burton et al_ (10) did not detect the reductive TCAC enzymes fumarase, 
aconitase, phospho-enol-pyruvate carboxylase, or citrate lyase in 
jB. leptomitiformis.
The observation of aspartate as one of the first stable fixation
products of in vivo CO2  fixation by B. alba is consistent with the
presence of the "malic" enzyme activity found in cell-free extracts.
Because glutamate was also observed as a primary fixation product,
it is possible that «<-ketoglutarate synthase activity (7) is also
present. However, we have been unable to demonstrate the presence of
that enzyme in extracts of IJ. alba B18LD. Glutamate is also an early 
1Aintermediate of C02 assimilation by IS. coli (62).
The data indicate that B. alba B18LD may have an incomplete 
reductive TCAC for the reduction of CO2  (79). Other organisms 
such as Methanobacterium thermoautcTLrophicum (2) have an iptars'upted 
or incomplete reductive TCAC in which some of the enzymes necessary 
for the complete cycle are not present. The short term -^CC^ fixa­
tion products do not include the expected intermediates of the 
Calvin cycle (11) or the serine pathway (58). Furthermore, we 
were unable to detect ribulose-l,5-bisphosphate carboxylase or 
phospho-enol-pyruvate carboxylase activities in 13. alba. Work is 
presently underway to identify what type of pathway is present in 
13* alba for the metabolism of CO2 , and how energy for such a pathway 
is obtained under heterotrophic and mixotrophic growth conditions.
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PART III. The Assimilation and Metabolism of Acetate by Beggiatoa alba.
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INTRODUCTION
Most strains of Beggiatoa are either heterotrophic (9, 54, 78) or 
mixotrophic (55, 68, 78) in their metabolism. Acetate is one organic 
compound well suited for the growth of the beggiatoas (9, 34, 54, 68). 
Burton and Morita (9) observed that 0.05% acetate was the optimum con­
centration for the growth of B. leptomitiformis. Kowallik and Pringsheim 
reported that the amount of poly^-hydroxybutyric acid (PHB) produced by 
Beggiatoa sp. was proportional to the concentration of acetate in the 
medium, thus suggesting that only a limited, threshold amount of acet­
ate is required for the growth of the beggiatoas (34).
Scotten and Stokes (68) and Carr ejt al (13) showed that acetate 
increased oxygen uptake significantly over endogenous rates. Burton 
et al (10) examined cell-free extract of IJ. leptomitiformis for the 
activity of several tricarboxylic acid cycle related enzymes. Fumarase, 
aconitase, citrate lyase (citritase), and «<-ketoglutarate dehydrogenase 
were absent, but the glyoxylate bypass enzymes, isocitrate lyase and 
malate synthase, were present (10). They proposed a cyclic pathway 
which was linked by a transamination and which produced no energy (10).
To better understand the utilization and importance of acetate 
to the beggiatoas, we have examined the oxidation of acetate to CO^ 
by several strains of Beggiatoa and have studied the assimilation 
and metabolism of acetate by B. alba B18LD.
84
MATERIALS AND METHODS
Organisms, growth conditions, harvest, and maintenance of the 
cultures. Beggiatoa alba B18LD has been previously described (12,
80). IJ. alba strain B15LD (77) was isolated from an enrichment cul­
ture from Lacassine, Louisiana and B» alba strain B25RD was isolated 
from a ditch near Baton Rouge, Louisiana. All three B_. alba strains 
were isolated by techniques formerly described and all belong to our 
group E strains (78). An organism which we feel is Vitreoscilla 
beggiatoides was isolated from a drainage ditch adjacent to Corporation 
Canal on the campus of Louisiana State University, Baton Rouge, Louisi­
ana, and was designated strain B23SS. It is a member of our group B 
(non-sulfur depositing) strains (78). Strain ATCC 15551 (10) was 
obtained from the American Type Culture Collection (Rockville, Md.) 
as B_. leptomitiformis. Strain L1401-6 (34, 54), an unidentified 
Beggiatoa, was obtained from the Sammlung von Algenkulturen am Pflan- 
zenphysiologischen Institut der Universitat Gottingen (Federal Repub­
lic of Germany).
The media used in this study all contained Pringsheim's basal 
salts (34, 78). Two types of heterotrophic media were employed: AC 
(0.05% sodium acetate) and BPA (0.05% sodium acetate, 0.05% asparagine). 
The mixotrophic growth medium contained 0.05% sodium acetate and 0.03% 
Na2 S (MP05 medium). The cultures were normally maintained at 25 C on
85
MP05 solid medium containing 1.2-1.5% agar and were transferred 
every 7-10 days.
Unless indicated otherwise, the growth cultures for experiments 
were always started with a 20% inoculum and were incubated for 16-18 
h on a rotary shaker at 150 rpm in 1 1 flasks containing 500 ml of 
either AC, BPA, or MP05 growth media. The resultant log phase cul­
tures had optical densities of 0.20, 0.22, and 0.30 at the time of 
harvest for the AC, BPA, and MP05 cultures, respectively. The tri- 
chomes were harvested and concentrated by centrifugation for 20 min 
at 20,000 x g (4 C), washed twice in Pringsheim’s basal salts, and 
then resuspended in the medium in which they had been grown minus 
acetate. All experiments were carried out within 30 min of the har­
vesting procedures.
Heterotrophic culture growth experiments. The heterotrophic 
growth of 15. alba strain B18LD in AC and BPA media was measured in 
2-1 vessels with 1 1 liquid volumes. The cultures were aerated and 
agitated by sterile air, blown into the culture vessels at a rate of 
30 1 per h. The AC and BPA culture media were each inoculated with 
75 ml of a log phase culture of AC-grown trichomes and were incubated 
at 27 C. The growth of 15. alba was analyzed every 3 h by removing 5 ml 
samples and measuring the optical density, protein and carbohydrate 
content, residual acetate in the media, and PHB content of the cells.
A standard curve was made during preliminary experiments in which 
dry weight was related to optical desity for each (AC and BPA) culture.
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Uptake experiments and scintillation counting. To determine if 
either or both carbons of acetate were converted to CC^, 10 ml of 
washed and concentrated mixotrophically-grown trichomes (approximately 
0.1-0.2 mg protein/ml) were added to replicate 50 ml stoppered flasks.
A 3 cm pin extended from each rubber stopper and a BEEM capsule (BEEM, 
Inc., Bronx, N. Y.) was attached so that it hung beneath the bottom 
of the stopper in the flasks’ headspaces. Filter paper "accordians" 
were placed into the BEEM capsules and they were saturated with 0.1 ml 
of 20% KOH or Hyamine hydroxide 10X (Packard Instrument Co., Inc.,
Downers Grove, 111.). The cultures were incubated for 10 min and then
1 A 1 A2 yuCi of C-l- or C-2- acetate (sodium salts; 1 yuCi/yumol) were
added to each flask. The cultures were incubated at 25 C with shaking
in a reciprocal shaker at 120 rpm. The reactions had reached plateaus,
as determined in preliminary experiments, and were stopped at 30 min
incubation time by the introduction of 1 ml of 1 N HC1 with a syringe
through the rubber stoppers. The flasks were shaken an additional 30
14min to insure that all CC> 2 had been driven out of the media and was 
trapped by the KOH or Hyamine hydroxide. Triplicate 0.5 ml samples 
were filtered onto glass fiber filters (Type A, 25 mm; Gelman Instru­
ment Co., Inc., Ann Arbor, Mich.), washed with 5 vol of ice-cold 
Pringsheim's basal salts (pH 3.0), and dried overnight at 60 C. When 
additional reagents or the inhibitor fluoroacetate were added to the 
media, the volumes of the control cultures were adjusted with basal 
salts. The radioactivity on the dried filters was assayed as
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previously described (80). The KOH or Hyamine hydroxide filter paper
"accordians" were removed from the vessels and the radioactivity of
the absorbed was measured in "emulsifier scintillator 299"
(Pad rd). Internal and external standard quench corrections were
done as previously described (80). The counting efficiencies obtained
14in these experiments were 48-51% for the CO^ absorbed samples and 
78-81% for the cellular radioactivity samples.
To measure the kinetics of ^C-2-acetate assimilation and oxid­
ation to “ co cultures of mixotrophically and heterotrophically grown 
trichomes were harvested and washed as above. The cultures were then
dispensed into twelve rubber stoppered flasks containing the BEEM cap-
14 14sules for CO^ entrapment. Concentrations of C-2-acetate ranging
from 50 yuM to 10 mM were added to the flasks to initiate the reactions 
and the flasks were incubated for 15 min as described above. The reac­
tions were stopped and treated as above, and both the uptake of label
14into the cells and the measurement of the C02 released was done 
as described above.
14The amount of C-2-acetate assimilated into cellular material 
14and the amount of C() released from the trichomes as a results of
2
14the oxidation of C-2-acetate were plotted against the concentrations
of acetate added to the culture media. Double reciprocal plots of each
of those parameters were made and the K and V values were cal-m max
culated (Table 3).
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Location of the label in the cells. Heterotrophically (BPA 
medium) and mixotrophically (MP05 medium) grown trichomes were har­
vested as above and resuspended into 20 ml of the same type of medium in
14which they were grown. One yuCi of C-l-acetate (0.01 yjCi/yjmol) or 
14C-2,3-succinate (2.0 ̂ iCi; 0.02 yiCi/yumol) was added to each culture 
followed by incubation as described above. Triplicate 0.2 ml samples 
were withdrawn at appropriate time intervals and were analyzed for 
whole cell assimilation, incorporation of the label into cold trichloro­
acetic acid (TCA)-precipitable material, and poly-^-hydroxybutyric 
acid (PHB) as previously described (80).
A second method of fractionation was also employed to determine 
the incorporation of acetate into the various molecular fractions of 
the cells. Trichomes grown in either AC, BPA, or MP05 media were har­
vested and washed as above and resuspended in 30 ml of the same type of
14medium in which they were grown. Two yuCi of C-l-acetate (0.01yuCi/ 
yimol), ^C-2-acetate (0.01 yuCi^amol), or ^C-2,3-succinate (0.02 yuCi/ 
yumol) were added to the vessels which were then incubated for 2 h 
(the uptake of the labeled compounds had plateaued by 2 h, as deter­
mined by preliminary experiments) before fractionation by a modifica­
tion (26, 80) of the Roberts el: al̂  technique (63).
Chromatography and autoradiography. Mixotrophically-grown trich­
omes, prepared as above, were resuspended in 5 ml of Pringsheim’s 
basal salts and 0.03% Na2 S, pH 7.5 at a density of approximately 10 
mg protein per ml. The trichomes were incubated in a 10 ml flask
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placed in an ice bath (11) and were agitated with a magnetic stirrer.
d
placed into boiling methanol which stopped the reactions and extracted 
the organic intermediates (59). Each sample was centrifuged (methanol 
extracts saved) and the pellets were re-extracted with 20 % ethanol 
(59, 80). The alcohol extracts of each sample were pooled and reduced 
in volume by vacuum evaporation as previously described (80). The 
extracts were chromatographed in two directions on aluminum foil backed 
cellulose thin layer sheets (24, 80). The radiochromatograms were air 
dried, and were autoradiographed on Kodak X-ray film (X-Omat, XR-5 
film; Eastman Kodak, Co., Inc., Rochester, N. Y.) using a 4 wk exposure. 
Radioactive spots on the chromatograms, analogous to the spots on the 
autoradiographs, were cut from the aluminum foil thin layer sheets and 
were assayed for radioactivity in Packard emulsifier scintillator 
fluid. Counting efficiencies of approximately 48% were obtained under 
these conditions.
Chemical determinations. The PHB content of the cells was de­
termined by the gas chromatographic method of Braunegg jet al (6). To­
tal carbohydrate in the cells and the culture fluid was determined by 
the phenol-sulfuric acid method (17). The amount of acetate in the cul­
ture fluid was determined by gas chromatography (88). Proteins were
estimated by the Lowry technique (41).
14 14Chemicals and radiochemicals. C-l- and C-2- acetate (sodium 
salts; specific activities 52-57 mCi/mmol) were obtained from Amersham-
' After 10 mih pffeincubation at 0 C, 100 yuCi of ^C-l-acetate (5 yuCi/ 
Buchler (Braunshweig, F. R. G.), and were usually diluted with
unlabeled acetate to specific activities of either 1 ̂ iCi/̂ imol or 
140.01 ̂ iCi/̂ imol. C-2,3-succinate (sodium salt; 25 mCi/mmol) was 
obtained from Amersham-Buchler (Braunshweig) and was diluted with 
unlabeled succinate to a specific activity of 0.02 yaCi/yumol.
Sodium fluoroacetate was obtained from Merk (Darmstadt) and 
all other chemicals were of reagent grade.
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RESULTS
Composition of heterotrophically grown Beggiatoa alba. When
Bi. alba was grown heterotrophically (AC or BPA medium) the generation
time was about 6  h and the yield was approximately 0.32 g of cell
material synthesized per g of acetate utilized. The dry weights of
the cells obtained and the percentage of the dry weights found as
protein, carbohydrate, and PHB were similar in either medium (Table 1).
PHB, the most abundant singular component of the cells, comprised
about 56-58% of the cell dry weights (Table 1).
Hie utilization of acetate by Beggiatoa spp. and Vitreoscilla
beggiatoides. Three strains of 15. alba, one of 13. leptomitiformis
and one unidentified strain of Beggiatoa produced CC^ from acetate
when grown mixotrophically (Table 2). From 28-49% of the carboxyl
carbon was released as CO2  whereas from 16-28% of the methyl carbon
was oxidized to CO2 . About two-thirds (60-66%)of the total CO2
produced from acetate was derived from the carboxyl carbon. V.
beggiatoides does not grow mixotrophically but on a heterotrophic
14medium containing C-acetate it gave results similar to those of 
the beggiatoas.
The apparent values for the combined incorporation and oxid- 
14ation of C-2-acetate by 15. alba B18LD were approximately 1.0 and
1.4 for the heterotrophically-grown and the mixotrophically-grown
14trichomes, respectively. Data comparing the kinetics of C-2-*acetate
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incorporated into cellular material versus the ^C-2-acetate
oxidized to CC^ by JB. alba B18LD are shown in Table 3.
Fluoroacetate slightly inhibited the incorporation of acetate
into cellular material by 15. alba B18LD at concentrations up to 10
yuM, but at higher concentrations the inhibition increased (Fig. 1).
14The oxidation of C-l-acetate to CO2  was inhibited only slightly
by fluoroacetate concentrations up to 100 yuM, but it was inhibited
approximately 40% by 1.0 mM fluoroacetate (Fig. 1).
Fractionation of the trichomes. With both heterotrophic
and mixotrophic cultures of B. alba B18LD, approximately 90% of the 
14label from C-l-acetate which was incorporated into cellular material
was precipitated by TCA. Approximately 50-55% was PHB (Fig. 2 a, b).
A different fractionation of the 15. alba B18LD trichomes after incuba- 
14 14tion with C-l- or C-2- acetate showed that 2-5% of the labels 
remained in the amino acid-organic acid pool, 61-73% entered the lipid 
pool, 2-5% was incorporated into nucleic acids, and 15-24% was found 
in the residue (cell wall material and protein; Table 4). No signi­
ficant differences in the incorporation of acetate into the various 
molecular fractions were observed between the mixotrophic and hetero­
trophic cultures.
Fractionation of the J5. alba B18LD trichomes after incubation 
14
with C-2,3-succinate showed that approximately 4-8% remained in the 
amino acid-organic acid pool, 22-27% was incorporated into lipids, 
15-20% was found in the nucleic acid fraction, and 33% (mixotrophic) 
to 51% (heterotrophic) was found in the cell wall and protein fraction
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(Table 5). In a separate experiment, approximately 90-95% of the 
14C-2,3-succinate assimilated was precipitated with cold TCA and 
none of the succinate that was incorporated into lipids was found in 
PHB (Table 5).
Analysis of intermediates. After JB. alba B18LD was incubated for 
145 and 25 sec with C-l-acetate, approximately 40% of the assimilated 
label was found in succinate (Table 6 ). The other major labeled pro­
duct, glutamate, contained 11-16% of the activity. No label was ob­
served in hydroxybutyrate after 5 sec, but 11.5% of the label was in 
hydroxybutyrate after 25 sec. A compound which migrated with the Rf 
of a sugar phosphate (possibly 3-phosphoglyceric acid) contained 
1.8% and 9.6% of the label at 5 sec and 25 sec, respectively. Pyruvate, 
fumarate, and a compound tentatively identified as serine all contained 
significantly more label at 5 sec than at 25 sec. Aspartate, isocit­
rate, malate, an amino acid (probably isoleucine, leucine, or phenyl­
alanine) , and an unknown (unk 2) all contained less than 5% of the 
label after both 5 and 25 sec incubation times.
Table 1. Analysis of batch culture growth of 13. alba B18LD 




Percent of cell dry wt
time weightc Protein ch2o PHB
AC 5.8 h 161 0.32 29.7 8 . 2 57.8
BPA 6 . 0  h 168 0.34 31.6 8 . 0 56.3
a The data describe characteristics of the AC and BPA cultures 
upon entry into the stationary phase, 
k For composition of the media, see Materials and Methods.
C In mg per 1.
d Yield equals the dry weight of the cells (mg) per weight of the 
acetate utilized (mg). For the BPA medium, the yield coefficient 
does not take into account the utilized asparagine.
CH2 O, carbohydrate (does not include extracellular slime; PHB, 
poly-^-hydroxybutyric acid.
1ATable 2. The assimilation and oxidation of C-l- and C-2- acetate by several 
strains of Beggiatoa and by Vitreoscilla beggiatoides.






B18LD MP05 C-l 0.19 2.63 54 46 6 6
VI If C-2 II 3.94 76 24 34
B15LD II C-l 0.15 3.25 57 43 6 6
it II C-2 II 5.97 78 2 2 34
B25RD II C-l 0 . 2 2 2.80 72 28 64
ti II C-2 If 4.75 84 16 36
ATCC 15551 II C-l 0.18 1.26 51 49 64
f! It If C-2 If 1.83 72 28 36
L1401-6 II C-l 0.07 0.97 6 8 32 60
ti II C-2 II 0.16 79 2 1 40
B23SS BPA C-l 0 . 2 0 1.48 71 29 69




3  Strains B18LD, B15LD, and B25RD are 15. alba; Strain ATCC 15551 is _B. leptomitiformis (9, 10);
Strain L1401-6 is of unknown speciation; Strain B23SS is Vitreoscilla beggiatoides. 
k For the composition of the media, and for the preparation of the cells, see Materials and 
Methods.
"^C-l-acetate (1 mM; ljiCi per mmol); ^C-2-acetate (1 mM; 2 ̂ iCi per mmol).
^ Cell concentrations in the uptake media as expressed in mg protein per ml. 
e
Total dpm equals the dpm of the cells plus the dpm of the CO^. The assays were stopped after 
30 min of incubation with the labels and the radioactivities were measured as described in the 
Materials and Methods section.
M D
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Table 3. Kinetics of assimilation 
by B. alba B18LD.
and oxidation 1  hof C-2-acetate
Medium3 Metabolic process Apparent K m Apparent Vmaxb
MP05 Assimilation 1 . 1  ̂ iM 81
AC II 1 . 2  îM 161
MP05 Oxidation to ^ C O 2 . 8  jjM 23
AC II 1.3 jM 72
g For composition of the media, see Materials and Methods. 
b In nmol per min per mg protein.
Table 4. The distribution of the radioactivity in B. alba B18LD after incubation 
14 14with C-l- or C-2- acetate and after fractionation by the modified Roberts 
technique.
Percent of radioactivity in fractions derived from the indicated carbon
Medium Cold TCA sol CHC13 :CH3 0H (2 :1 ) sol Hot TCA sol Residue % Recovery
C-l C-2 C-l C-2 C-l C-2 C-l C-2 C-l C-2
MP05 2.5 4.5 70.1 61.2 2 . 1 5.6 15.1 24.9 89.8 96.1
BPA 2.5 4.6 73.0 63.1 2 . 0 5.0 15.8 23.7 93.3 96.4




Table 5. The distribution of the radioactivity in B. alba B18LD
after incubation with ^ C - 2 ,3-succinate and after fraction­
ation by two different methods.
Percent of radioactivity in fraction3
Fraction
Heterotrophic Mixotrophic
Cold TCA soluble 7.5 3.7
CHC1 3 :CH3 0 H (2 :1 ) soluble 2 2 . 2 26.5
Hot TCA soluble 20.5 15.8
Hydrolyzed residue 50.8 33.6
Percent recovery of
fractions above 1 0 1 . 0 79.6
Cold TCA precipitable 90.5 95.0
Poly-^-hydroxybutyrate < 1 < 1
a As compared to whole cell assimilation.
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Table 6 . The distribution of the incorporation of C-l-acetate 
into alcohol soluble intermediates of B. alba B18LD.
Percent of total aradioactivity after time (sec)
Intermediate
5 25
Phosphate compound 1 . 8 9.6
Aspartate 1.4 1.4
Glutamate 1 1 . 1 15.7
Isocitrate 2 . 0 2.5
Malate 2 . 2 2 . 2




Serine (?) 7.7 2 . 6
Amino acid^ 3.0 1.3
Unk. A° 10.3 3.2
Unk. B 1.7 0
Q
In relation to the total radioactivity recovered from the 
chromatogram. All of the radioactivity was accounted for by 
the above compounds.
b Presumptively isoleucine, leucine, or phenylalanine.









Fig. 1. The effects of fluoroacetate on the assimilation ( O  )
14and oxidation to CO^ ( £ )  of C-l-acetate by ]J. alba B18LD. 
The trichomes were grown mixotrophically, harvested, washed, 
and were resuspended in Pringsheim's basal salts plus 0.03% 
Na^S at a density of 0.85 mg protein per m3 for this assay.
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Fig. 2. The incorporation of "^C-l-acetate by IJ. alba B18LD into
whole cells ( # ) ,  trichloroacetic acid-precipitable mater­
ial (A), and PHB ( ■). (A) The trichomes were pregrown 
mixotrophically on MP05 medium and the concentration of the 
cells in the uptake medium was approximately 1 . 2  mg protein 
per ml. (B) The trichomes were grown heterotrophically on 
BPA medium and the concentration of cells in the uptake med­












Acetate has been shown to increase oxygen uptake by beggiatoas 
(13, 6 8 ), and it seemed likely that the oxidation of acetate to CO^ 
occurred. However, Burton et̂  al (10) reported that Beggiatoa 
leptomitiformis did not produce CC> 2 from acetate. All of the 
beggiatoas examined in this report were capable of oxidizing both 
carbons of acetate to CO^. The rate of either ^C-l- or ^C-2- acet­
ate oxidation was far greater by the beggiatoas than by Anabaena 
variabilis (50), a blue-green bacterium containing the interrupted 
tricarboxylic acid cycle (51). Other autotrophs such as Chlorobium
limnicola (6 6 ) and Thiobacillus neopolitanis (28) also produced little 
14 1ACO^ from ±4 C-l-acetate. Escherichia coli, a heterotroph which con­
tains a complete citric acid cycle and glyoxylate cycle, oxidized 
approximately 15% of the -^C-l-acetate which it assimilated to CO^
(62). In the absence of nitrite and thiosulfate, Nitrobacter agilis (73)
and Thiobacillus thioparus (28), respectively, oxidized to CO2  approx-
14imately 50-55% of the C-l-acetate they assimilated. However, in the 
presence of the reduced inorganic compounds, neither N. agilis (73) 
nor T\. thioparus (28) oxidized acetate efficiently. The tested beggia­
toas efficiently oxidized ^C-l-acetate to ^CC^ in the presence (or 
absence) of sulfide, which (when present) was concurrently oxidized
to sulfur. However, the two-fold increase in the K for acetate oxida-m
tion by the mixotrophic culture suggests that the oxidation of sulfide 
for energy and (or) reduction potential may replace some of the require-
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ment of acetate oxidation for those processes.
The apparent values for whole cell assimilation of acetate 
by 15. alba were much lower than for the blue-green bacteria,
Aphanocapsa or Synechecoccus (26). The high affinity for acetate 
by ]}. alba suggests that acetate is used as a primary source of 
carbon for synthesis processes. Furthermore, the growth yields for 
B. alba grown on acetate media (0.32-0.34 g dry weight per g acetate 
utilized) were comparable to the yields of several heterotrophic 
bacteria (0.28-0.39 g dry weight per g acetate utilized) grown on 
acetate as the sole carbon and energy source (49).
Fluoroacetate is known to condense with oxaloacetate to form 
fluorocitrate, which inhibits aconitase (70). Burton e_t al (10) 
reported that aconitase was absent from cell-free extracts of JB. 
leptomitiformis. In B. alba, fluoroacetate inhibited the assimilation 
of acetate at concentrations lower them its inhibition of acetate oxi­
dation. This suggests the possibility of competitive inhibition for 
acetate rather than an inhibition of aconitase.
Ii. alba has been shown chemically (Table 1) and ultrastructurally
(78) to contain PHB. PHB comprised 10-16% of the dry weight of
Sphaerotilus natans and up to 43% of the dry weight of Bacillus
14 14cereus (63). Although CO^ (80) and C-2,3-succinate were not incor­
porated into PHB by B. alba, approximately 50-55% of the assimilated 
acetate was found in PHB, which is consistent with heterotrophic batch 
cultures in which PHB comprise about 57% of the cell dry weight.
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14 i /The distribution of C-l- (or l^C-2-) acetate in B. alba
after fractionation by the modified Roberts technique (26, 80)
was very similar to that of various autotrophs (25, 26, 32, 6 6 ,
1473) in which C-acetate was incorporated primarily into lipids
and the residue material. After Roberts fractionation of labeled
14Methanosarcina barkeri (8 6 ) or Chlorobium limnicola, CO^ and 
14C-l-acetate were distributed about equally. However, the dis-
14 14 14tribtutions of CO2  (80), C-2,3-succinate, and C-l-acetate
were very different in J3. alba.
The pathway for acetate metabolism in 13. leptomitiformis pro­
posed by Burton £t al (10) predicts that all of the label from 
14C-l-acetate would enter aspartate (10). Our results indicate that
the pathway proposed by Burton et_ al (10) does not operate in Ii. alba
B18LD. Citrate is the first primary labeled intermediate of ^C-l-
acetate metabolism in E. coli (33). Because citrate was not observed
as an intermediate of acetate metabolism in IS. alba, citrate synthase
is probably not operative. In Pseudomonas PAR, an icl~ (isocitrate
lyase deficient) serine pathway organism, glutamate and malate were
14the primary labeled intermediates of C-acetate metabolism (4).
Isocitrate lyase and malate synthase were observed in extracts of
Ii. leptomitiformis (10), so the assimilation of acetate via the gly-
oxylate pathway might also occur in IS. alba. However, malate is only
14a minor intermediate of C-l-acetate metabolism by 13. alba. Succinate 
and glutamate were heavily labeled after both 5 and 25 sec, so they
107
are probably important early intermediates of acetate metabolism
14in B. alba. However, because <1.0% of the C-2,3-succinate 
label was found in PHB, it is unlikely that a direct pathway exists 
in Ei. alba by which succinate could be reconverted to acetyl-Co A.
We have determined the rates and the major products of acetate 
metabolism by B. alba, and we are currently studying further the early 
metabolites and the enzymes associated with acetate metabolism by 
B_. alba in order to elucidate the pathway for acetate metabolism.
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